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ABSTRACT
The high intensities ( > 10 w/cm ) and short durations (<10 sec)
available in mode locked laser pulses have made possible the study of
optical interactions -with matter in entirely new regimes of intensity
and time. Because of the large electric fields present in these pulses,
third order susceptibilities can determine the dominant optical
response of a medium. In addition, the extremely short durations of
these pulses causes many nonlinear optical interactions to become
transient, since the pulse is over before the medium can fully respond.
In this report, a study of two third order processes, Stimulated
Raman Scattering and self-focusing, with picosecond pulses is
reported. In the case of transient Stimulated Scattering, the gain is
reduced from the steady state value, and qualitatively new features,
such as shortening and delay of the Stokes pulse relative to the laser
pulse, appear. Here, these predictions are extended to the case of
realistic laser pulses, and experiments are reported which confirm
all of the theoretical predictions.
11
The self-focusing and frequency broadening of picosecond pulses
is studied in the absence of Stimulated Raman Scattering in several
materials with large orientational Kerr constants. A crossed beam
measuring technique with subpicosecond resolution is used to determine
the relaxation time of the appropriate dielectric nonlinearity. The
results of those measurements indicate that the orientational Kerr
effect is important in the self-focusing of picosecond pulses. With
relaxation times between 2 and 100 psec, this effect is transient on the
time scale of the picosecond laser pulse. A time of flight technique is
used to study the propagation properties of a self-focused beam. The
self-focused filaments are observed to propagate with constant dia-
meters over a distance greater than 10 cm, but disappear before the
end of a 20 cm cell. Simultaneous end-on photographs indicate that
the filaments radiate light continuously along their path. The spectrum
of the light in the filament shows that the frequency content extends
symmetrically for several hundred wave numbers on either side of the
laser frequency.
These results are compared with recently developed transient
theories of the self-focusing process -which result from numerical in-
tegration of the self-focusing equations for both phase and amplitude.
Many of the propagation and spectral properties of the self-focused
pulses are successfully accounted for by the transient theory which
predicts a region of stabilized duration and diameter in the tail of the
pulse -which is constant in form over many centimeters in the cell.
Finally, the symmetry of experimental spectra is not fully accounted
for in the transient theory, and additional explanations of this effect
Ill
are proposed.
The design and construction of a diffraction limited Nd:glass
mode locked laser system with reproducible output pulses containing
peak intensities of about 10 GW/cm is also described.
TABLE OF CONTENTS
Page
ABSTRACT i
TABLE OF CONTENTS v
LIST OF FIGURES ix
Chapter
I. INTRODUCTION
II. EXPERIMENTAL APPARATUS AND TECHNIQUES
2. 1 Introduction 2-1
2. 2 Laser Oscillator 2-3
2. 2. 1 Oscillator Cavity Configuration and
Pumping Arrangement 2-3
2. 2. 2 Optimum Operating Conditions 2-5
2. 2. 3 Laser Performance 2-11
2. 3 Second Harmonic Generation 2-22
2. 4 Glass Laser Amplifier 2-25
2. 5 Pulse Selection 2-33
2. 6 Pulse Compression 2-47
2. 7 Laser Synchronization 2-51
in.. TRANSIENT STIMULATED RAMAN SCATTERING
3. 1 Stimulated Raman Scattering 3-1
3. 2 Transient Raman Scattering 3-4
VI
Chapter Page
3. 3 Transient Stimulated Raman Scattering
Experiments. 3-7
IV. SELF FOCUSING
4. 1 Introduction 4-1
4. 2 Theory of Self-Focusing 4-5
4. 2. 1 The General Equations 4-6
4. 2. 2 The Nonlinear Index 4-7
4. 3 Spatial Characteristics of Self-Focusing 4-12
4. 3. 1 The Steady State Limit 4-13
4 . 3 . 2 The Quasi Steady State Limit 4-16
4. 3. 3 Transient Self-Focusing 4-21
4. 3.4 Comparison of Transient Focusing and
the Moving Focal Point Model 4-22
4. 4 Experiments in Self-Focusing: Propagation
Properties 4-26
4. 4. 1 Near Field Patterns 4-27
4. 4. 2 a - Propagation Measurements with a
Collimated Beam 4-29
4. 4. 2 b - Propagation Properties 4-31
4. 4. 2 c - Filament Diameters 4-37
4 .4 .2 d - Duration of Filaments 4-38
4. 4. 2 e - Relaxation Time of Optically
Induced Anisotropy 4-40
4. 4. 2 f - Refractive Index Change 4-50
4 .4 .2 g - Self-Focusing in Externally
Focused Beams 4-55
Vll
Chapter Page
4. 4. 2 h - Propagation through a Glass
Slide . 4-59
4 .4 .2 i - Appearance of Multiple Filaments
and the Possibility of Beam
Diagnostics 4-61
4. 4. 2 j - Effects of Multiple Pulses. 4-65
V. SPECTRAL, BROADENING
5. 1 Measurement of Filament Spectra 5-1
5. 2 Theory of Self Phase Modulation 5-10
5. 3 Summary and Conclusions 5-25
ACKNOWLEDGMENT A-1
LIST OF FIGURES
Figure Page
2-1 Schematic diagram of Nd:glass mode locked laser
oscillator cavity 2-4
2-2 Cross section of the head used in the Ndiglass mode
locked laser oscillator 2-6
2-3 Block diagram of timing circuits used to control Nd:
glass mode locked laser system . 2-9
2-4 Schematic diagram of basic circuits used in timing
unit 2-10
2-5 Typical pulse train produced by Nd:glass mode
locked oscillator 2-12
2-6 Schematic diagram and results of two photon absorption
fluorescence measurement of duration of mode
locked laser pulse 2-13
2-7 Spectrum of Nd:glass mode locked laser output. 2-16
2-8 Near field emission patterns of the Nd:glass mode
locked laser 2-17
2-9 Typical pulse train obtained when lenses in cavity are
not anti-reflection coated 2-21
2-10 Fundamental (a) and Second Harmonic (b) pulse trains. 2-23
2-11 TPF pulse duration measurement and spectrum of
SH pulses : 2-24
2-12 Cross section of double elliptical laser amplifier
head 2-26
2-13 Schematic diagram showing measurement of laser
amplifier gain 2-27
2-14 Laser amplifier gain as a function of dealy between
amplifier and oscillator flashlamps 2-28
2-15 Scope trace of electrical discharge of oscillator lamps
(top) and amplifier lamps (b) 2-30
Figure Page
2-16 Population inversion in the amplifier rod as a function
of time for the flashlamp discharges of Fig. 2-15,
assuming a fluorescent lifetime of 300 us 2-31
2-17 Flashlamp driving circuit and amplifier gain as a
function of flashlamp pulse duration 2-32
2-18 Amplifier gain as a function of energy storage, 2-35
2-19 Schematic diagram of pulse selector for mode locked
laser trains 2-37
2-20 Typical diode trace of rejected pulse train (a) and
selected pulse (b) 2-39
2-21 Schematic diagrams of two kinds of spark gaps used
in the present experiments 2-41
2-22 Schematic diagrams of two pulse forming networks
(PFN) used with the spark gaps of Fig. 2-21. . . . . . . . 2-42
2-23 Typical scope traces of rejected (a) and transmitted
(b) pulse trains at the SH frequency using an electro-
nically triggered spark gap 2-43
2-24 Electrical pulses produced by laser triggered spark
gap and cable discharge network, under two
different load conditions 2-46
2-25 Diagram of electrical filter used to eliminate electrical
reflections at Pockels1 cell and results of using
filter 2-47
2-26 Schematic diagram of grating pair used to compress
SH pulses 2-50
2-27 TPF measurement of compressed (top) and uncom-
pressed (bottom) pulses 2-51
2-28 Schematic of experimental apparatus used to synchron-
ize two independent lasers 2-53
2-29 Oscillograms showing relative timing of mode locked
laser train and selected mode locked pulse with
synchronized Q-switched pulse 2-55
XI
Figure Page
3-1 Schematic illustration of the effects of a transient
response on the Stimulated Raman effect for a
square laser pulse 3-6
3-2 Stimulated Raman spectrum of Methanol obtained with
a), mode locked ruby laser and b). SH of Ndrglass
laser 3-9
3-3 Near field patternsof Stokes radiation produced by the
second harmonic of the Nd:glass mode locked laser
in normal hexane 3-12
3-4 Schematic diagram of experimental arrangement used
to measure the Stokes and laser pulse trains 3-14
3-5 Comparison of Stokes and SH laser pulse trains in
acetone and n-hexane 3-15
3-6 Schematic diagram of experimental arrangement used
to compare efficiency of Stimulated Raman conversion
for single pulses in different parts of the laser
train 3-16
3-7 Diode traces of laser pulses and Stokes radiation
generated in benzene with a single laser pulse 3-17
3-8 Schematic diagram of typical pulse train showing 3 .
regions of different Raman conversion efficiencies. 3-18
4-1 a. Locus of focal points predicted with the moving
focal point model for the Gaussian pulse shown at
the bottom 4-18
4-1 b. Curve similar to Fig. 4-la drawn to scale for a
Gaussian pulse with a duration of 1 psec 4-19
4-2 Cross section of pulse at various times as predicted
by moving focus model in the absence of dielectric
relaxation 4-20
4-3 Cross section of beam and on axis intensity as
predicted by transient self-focusing theory 4-23
4-4 Qualitative modifications of U-shaped curve taking
into account transient response of dielectric 4-24
4-5 Measurement of near field pattern of self-focusing
beam in CS2 4-28
XI1
Figure Page
4-6 Experimental configuration for observing self-focusing
using multiple SH probing beams 4-30
4-7 Typical result of birefringence measurement of self-
focusing in GS7. . . 4-32
£*
4-8 Typical pictures of induced birefringence in various
parts of a 20 cm long cell of CS_ 4-33
LJ
4-9 Simultaneous measurement of birefringence in front
and rear of cell 4-35
4-10 Near field patterns of self-focused beam obtained by
imaging camera on planes inside cell 4-36
4-11 Photograph of single probe beam at 5 cm from entrance
•window of cell of CS_ taken at a magnification of
5 x . 4-39
4-12 Experimental arrangement for birefringence measure-
ment with improved time resolution 4-41
4-13 Typical birefringence result obtained in CS_ with im-
proved time resolution. 4-42
4-14 Experimental arrangement for measuring dielectric
relaxation time 4-43
4-15 Measurement of dielectric relaxation in nitrobenzene. 4-45
4-16 Measurement of dielectric relaxation in toluene,
benzene and CS~ 4-47
4-17 Photograph of birefringence in CCi.. . . . > 4-49
4-18 Measurement of birefringence in benzene using multiple
probing beams 4-51
4-19 Experimental arrangement used to measure the
magnitude of 6n in the filamentary region 4-53
4-20 Results of measurement of 6n using apparatus of
Fig. 4-19 4-54
4-21 Observation of self-focusing in externally focused
beams in CS? between 0. 5 and 4 cm into cell 4-56
Xlll
Figure Page
4-22 Measurement of self-focusing of an externally focused
beam in benzene 4-58
4-23 Propagation of filaments through a glass slide 4-60
4-24 Schematic diagram of a reducing telescope which was
used in the infrared beam to improve the beam uni-
formity and reduce the number of filaments . 4-62
4-25 Birefringence traces in CS2 showing that several
filaments can form at different times in a single
laser pulse 4-64
4-26 Birefringence traces between 1 and 4. 5 cm into cell of
CS-, showing effects of variation in timing bet-ween
infrared and SH beams 4-66
4-27 Photographs showing the effects on the birefringence
of variation of the position of the selected SH pulse
in the pulse train 4-67
5-1 Schematic diagram of the experimental arrangement
which was used to measure the spectrum of the
light in the filaments . . - . - 5-2
5-2 Experimentally measured spectra of filaments in
several materials a) CS.-,, b) Toluene, c) Benzene,
d) Nitrobenzene and e) Mercury arc spectrum 5-3
5-3 a. i - Microdensitometer trace of ah experimental
filament spectrum in CS_ 5-4
5-3 a. ii - Microdensitometer of an experimental
filament spectrum in toluene 5-5
5-3 b. i - Microdensitometer trace of filament spectrum in
CS_ corrected for spectral sensitivity of I-Z plates. 5-6
5-3 b. ii - Microdensitometer trace of filament spectrum
in toluene corrected for spectral sensitivity of I-Z
plates 5-7
5-4 Spectral sensitivity of I-Z plates and spectral trans-
mission of Corning CS-7-56 filter 5-8
5-5 Schematic illustration of the origin of the phase
modulation 5-12
XIV
Figure Page
5-6 Schematic illustration of the phase modulation
process 5-15
5-7 Theoretically calculated phase modulated spectra for
a) orientational, b) librational and c) electronic
responses 5-18
5-8 Calculated spectra showing effects of laser pulse shape 5-20
5-9 a. Calculated spectra showing effects of laser pulse
asymmetry when r - 2 T 5-21
5-9 b. Calculated spectra showing effects of laser pulse
asymmetry when T = . 05 T 5-22
5-10 Parametric calculation of characteristics of phase
modulated spectra 5-24
6 O5-11 Comparison of magnitudes of n? and n. required to
produce identical values of Sn 5-34
5-12 Near field pattern of a self-focused beam at the end of
a 6 cm cell of nitrobenzene using the various filters
•whose characteristics are given in Fig. 5-13 5-36
5-13 Spectral characteristics of filters used to obtain near
field patterns of Fig. 5-12.. 5-37
5-14 Spectra of rings in near field patterns of a) nitro-
benzene, b) toluene and c) benzene 5-38
5-15 Pulse distortion caused by linear dispersion 5-41
CHAPTER I
INTRODUCTION
The development of mode locked lasers has made available light
pulses -with higher intensities and shorter durations than could
previously be obtained in pulses from Q-switched lasers . Using a
Ndiglass laser it is possible to generate pulses which last between
10 and 10 seconds -with peak powers up to 10 Watts. Mode
locked ruby lasers can be made to produce pulses having durations
between 5 and 10 x 10 sec with about 5 times the peak power which
is obtained from the Nd:glass laser. The generation of these pulses
has made possible the study of the interaction of light and matter in
entirely new regimes of optical intensity and time.
Nonlinear optical effects involving second and third order '
susceptibilities have been studied in great detail both experimentally
and theoretically in the regimes appropriate for Q-switched laser
pulses and descriptions of these investigations can be found in the
articles listed in reference 2. Nonlinear optical interactions with
mode locked laser pulses can differ substantially from their counter-
parts in the Q-switched regime both because of the increased intensity
of the picosecond pulses and because of their shorter duration and
wider band-width. For many nonlinear optical processes, such as
harmonic generation, Stimulated Raman Scattering (SRS), parametric
amplification and conversion, and self-focusing with an orientational
or electronic Kerr effect, the Q-switched laser pulses are sufficiently
1-2
long so that the steady state theories can be applied to the experiments,
In experiments done -with mode locked lasers, on the other hand, only
nonlinear effects which depend on electronic interactions, such as
harmonic generation, parametric conversion and self-focusing through
distortion of the electron cloud respond fast enough so that the non-
linear polarization can follow the laser intensity. In these cases, the
smaller amount of energy contained in the mode locked pulses allows
these effects to be studied in absorbing materials, -without excessive
heating, and the increased intensity of the short pulses allows higher
order processes to be studied.
In processes .which involve molecular interactions, such as SRS
and self-focusing through an orientational Kerr effect, more accurate
theoretical descriptions must be used because of the shorter duration
of the mode locked pulses and qualitative differences between the
picosecond and nanosecond regimes appear.
In these situations, the duration of the laser pulse is shorter
than the time required for the molecular system to respond completely
to the excitation, resulting in a transient interaction. The transient
nature of some nonlinear effects have been explored previously.
Theoretical studies of SRS and Stimulated Brillouin Scattering (SBS)
3 4have been reported in the literature for restricted boundary conditions ' .
Experimentally, thermal Rayleigh scattering has been studied with
mode locked ruby lasers . Indirect evidence has also been obtained
which indicates that transient effects may be important in SRS
experiments done with multimode Q-switched lasers . Details of
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Raman scattering in the small signal region of the transition between
the spontaneous and the stimulated regime appear to be explained better
with a transient theory. Also, experiments in SRS using a multimode
Q-switched Nd:glass laser show very little Raman conversion which
may result from the reduction of gain due to a partially transient
response . In addition, it has been recognized that one of the major
effects of a transient response is a reduction in the exponential gain
of a stimulated process. Use has been made of this fact to discriminate
against SBS in experiments involving SRS . Further studies of the '-
competition between SBS and SRS have identified different parts of a
Q-switched laser pulse in which one of these processes can dominate
o
over the other .
Some of the characteristics of transient stimulated scattering
apply equally well to all processes which experience exponential gain
resulting from the imaginary part of a third order susceptibility.
/-•
In particular the exponential gain factor G(EC = Ec e ) which in the
fa S0
steady state is proportioned to the propagation length z: G -g z,
s s s s
4
takes on the approximate form
G T =4 GS8rt - r t ( i )
in the transient regime. Here T is the linewidth of the molecular
excitation and Ec is the amplitude of Stokes shifted wave. The
b
 G
c c
transient condition can be expressed as t =
 r. , and equation (1)s s l
is valid when t< t . As is expected, in this limit G r _( t )< G , andS S J. S S
equation (1) indicates that the transient gain depends on the total
energy in the laser pulse since G t~I t which is approximately
s s J_j
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equal to the integral of the laser intensity for short times. In
addition, under appropriate conditions, the Stokes pulse can narrow
in time in the transient regime, rather than in frequency, as is the
case in the steady state regime.
In processes such as self-focusing, which proceed via the real
part of a third order susceptibility, not as much attention has been
paid to the transient regime. The appropriate mechanism for self-
focusing of Q-switched pulses in many liquids has been identified
9
as molecular orientation with a response time ranging between 2 and
100 psec. It has been generally assumed, however, that because of
the transient response of this mechanism to picosecond pulses, a fast
electronic mechanism is responsible for the self-focusing of the short
pulses. Even so, there have been some qualitative and semi-
quantitative discussions of the self-focusing process in the presence
of a transient orientational Kerr effect . Some evidence has been
obtained in the frequency broadening from multimode Q-switched
lasers that there may be transient effects involved in the self-focusing
process . If a transient response is important in the self-focusing of
picosecond pulses it is to be expected that in addition to a decrease in
the maximum value of the nonlinear refractive index which results
from a partial orientation of the molecules within the short pulse the
qualitative features of the focusing process will be altered especially
in the region of the self-focusing point.
12 13Extensive studies have been reported on second and third
harmonic generation with picosecond pulses which investigate angular
dependences and limitations caused by the bandwidth of the short
1-5
pulses. In this work, two third order processes, SRS and self-focusing
are studied with picosecond excitation. In many experimental
situations these two effects are very closely coupled together. In
particular, the early experiments in SRS with Q-switched lasers
resulted in anomalously low values of the threshold laser power. The
discrepancy was resolved -when it was observed by Lallemand and
Q
Bloembergen that the measured threshold power actually corresponded
to the much lower self-focusing threshold, and that once the self-focusing
process was completed, the local intensity very quickly increased to
levels sufficient for SRS. Consequently in the present work attempts
have been made to isolate each process as much as possible.
In studies of SRS, both mode locked ruby and Nd:glass lasers
were used as pumps. The results of the experiments -with the ruby
laser are compared with the predictions of the transient Raman
theory. A carefully controlled mode locked Nd:glass laser was con-
structed -which produces a diffraction limited output beam with a
uniform cross section. This system was used to study both SRS and
self-focusing. It was observed that the pulses from the Nd laser at
the fundamental wavelength of 1. 06 |_L produced a negligible amount of
SRS in all of the materials -which -were studied. Consequently, this
laser system can be used to study self-focusing -without the complication
caused by competing nonlinear processes. The results of experiments
involving self-focusing and spectral broadening are presented and the
need for a transient theory is established. It is shown that the
existing theories of self-focusing cannot quite explain all of the observed
1-6
results. Some possible explanations of the unexplained results are
suggested and some experiments to determine the applicability of
these proposals are described.
1-7
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CHAPTER II
EXPERIMENTAL APPARATUS AND TECHNIQUES
2. 1 Introduction
Many laser applications require the use of a beam with very high
spectral brightness. The performance of controlled experiments in
nonlinear optics which can be compared quantitatively with theory, the
propagation of laser beams over large distances for experiments or
information transfer and the need for extremely tight focusing for
such applications as laser scribing all require the use of a laser beam
•with considerable intensity and a very low divergence. In addition,
the high peak intensities present in mode locked laser pulses (in
excess of 10 w/cm ) make it desirable to eliminate local "hot spots"
in the beam which can damage the laser rod and other optical
components. In experiments done with high power pulsed lasers it is
also desirable to have the laser pulses repeatable in peak intensity
and duration from shot to shot.
Considerable work has been reported on the reduction of laser
beam divergence by the selection of the lowest order transverse mode
in both Q-switched and mode-locked solid state lasers . Discrimination
against the presence of the higher order transverse modes can be
accomplished both inside and outside the cavity.
The most common form of extra-cavity mode selection is a
diffraction limiting spatial filter consisting of two confocal positive
lenses with a pinhole at their common focus. Such a system is quite
inefficient because the power radiated by the laser into all of the
11-2
transverse modes except the lowest order TEM mode is lost. Inr
 oo
this respect, the intracavity mode selectors are more efficient since
they force more of the laser radiation to be emitted the lowest order
mode, rather than discarding it. However, all of the intracavity
methods reported thus far have disadvantages as -well. An aperture
can be used inside the cavity to reduce its Fresnel number sufficiently
to discriminate against the oscillation of higher order modes. The
output of such a system is typically restricted to beams of a few
millimeters in diameter and a few tenths of a joule in energy. Use of
a lens-pinhole-lens combination inside the cavity also results in
small beam diameters and the peak power which can be obtained from
these systems is limited by breakdown of the air at the pinhole.
In this chapter a Ndiglass mode locked laser system is
described -which overcomes most of these problems. The laser
oscillator produces a train of pulses about 5 ps in duration spaced by
10 ns with a peak intensity of about 5 x 10 w/cm at a wavelength of
1. 06 jj.. The pulse train typically lasts for about I|JLS and contains a
total energy of 1 joule. The spatial cross section of the laser output
is uniform to better than 10% and is diffraction limited over its full
diameter of 1 cm. The laser output is repeatable over many successive
shots in total energy and beam profile to better than 1% and in peak
intensity and duration of pulse train to about 10% ,
In addition a glass laser amplifier will be described which,
•when used with the oscillator is capable of producing up to 80 mj in
a single mode locked pulse under optimized conditions. Techniques
for selecting a single pulse from the mode locked train, for
II-3
compressing the pulses to durations less than 0. 5 psec and for
synchronizing two independent lasers will also be discussed.
2. 2 Laser Oscillator
In this section, the design and construction of the Ndiglass
mode-locked laser oscillator is described. The requirements on
stability and optimization of the operating conditions and on the cavity
and laser head designs are determined and the performance of the
laser is discussed.
2. 2. 1 Oscillator Cavity Configuration and Pumping Arrangement
The oscillator cavity is shown in Figure 2-1. The cavity
mirrors are plane and have reflectivities of 100% and 65% at the rear
and front (output), respectively. The rod which was manufactured by
Owens-Illinois is 3/8" diameter, 6 -5-" long and is cut with Brewster
L*
angles at each end. The pumping is done with four linear Xenon flash-
lamps arranged in a configuration which will be described below. Two
anti-reflection coated 40 cm focal length lenses are placed in the
cavity in a confocal arrangement. The laser is simultaneously Q-
switched and mode locked with Kodak 9860 bleachable dye . The dye
cell is 1 mm thick and is placed in the cavity at Brewster's angle close
to the output mirror. The positioning of the dye cell at the output end
of the cavity provides isolation against reflections from external
optics and moves the dye away from the flashlamps, increasing its
life. Typical concentrations of the dye of about 2. 0% by volume in
dichloroethane produce a linear transmission of about 70% and a mode-
locked laser output of 1 joule at threshold. The efficiency of the laser
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under these conditions is about 0. 1%.
In order to construct a laser -whose output is diffraction
limited, it is necessary to optimize the uniformity of the distribution
of the pump energy and to minimize lensing effects due to thermal
gradients in the rod. The pumping configuration used here is shown
in Figure 2-2. It was chosen to produce a very uniform distribution
of pump energy from the linear flashlamps at the rod. The four
lamps are arranged symmetrically about the rod inside a reflecting
enclosure which is in the shape of a cloyerleaf. Each lobe of the
reflector is cylindrical in cross-section -with its axis parallel to the
rod. The axis of each lamp is positioned slightly behind the axis of
its cylindrical reflector resulting in a slight focusing of the pump
light at the center of the rod. Multiple reflections within the head
cause partial images of the lamps to appear over the cusps of the
reflector increasing the azimuthal uniformity of the pump energy in
the rod. The rod and the lamps are both water cooled, each with a
separate water system. The rod cooling water fills the area between
the rod and the reflector and is temperature stabilized to about 0. 1 C.
The lamp cooling -water is isolated from the rod water bath with
•water jackets around each lamp.
2. 2. 2 Optimum Operating Conditions
Variations in the flashlamp pulse duration, the temperature of
the cooling system, the electrical energy storage and the firing rate
•were studied to determine their effects on the operation of the laser.
Considerable thermal lensing of both glass and ruby laser rods
;
The original design of this pumping arrangement is due to Dr. R. L.
Carman.
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1 GLASS LASER ROD, 3/8" DIA.
2 WATER JACKET
3 FLASHLAMP
4 GOLD PLATED REFLECTOR
Figu re 2-2. Cross sec t ion of the head used in the Nd:glass
mode locked laser osci l lator .
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during the pumping cycle has been reported by many authors . The
heating of the rod by the pump energy results in the formation of a
negative lens leading to a relatively large divergence. In order to
minimize this effect, the duration of the flashlamp pulse was matched
4
to the fluorescent lifetime of the glass rod of about 300 p.sec . This
operating condition produced the most efficient population inversion
•with the least possible heating of the rod with a Xenon lamp. A
quantitative measurement of this effect will be presented in the
description of the laser amplifier. Our attempts at obtaining the same
optimum operation with a helical lamp failed because the long arc
length of the lamp limited the minimum pulse duration obtainable to
about 1 msec.
+ 3The amount of energy radiated into the pump bands of the Nd
ions which lie near 6000 A, 7500 A, 8000 A and 8800 A was increased
by gold plating the cloverleaf reflector. Because the reflectivity of
gold decreases at wavelengths shorter than 6000 A the equilibrium
temperature of the lamps and the reflector was reduced over that which
would exist in a nonreflecting system. Consequently, the peak of the
black body emission of the lamps is shifted toward the infrared
causing more of the lamp energy to fall in the useful pump bands.
Further improvements could be made in this direction by introducing
selective filters between the rod and lamps to limit the spectral
distribution of the pump energy to the lowest pump band of the rod.
The repeatability of the laser output was found to be very
sensitive to the stability of the cooling system, energy storage and
II-8
firing rate. Repeatable performance was obtained by holding the
temperature of the rod -water bath constant to about 0. 1 C, the energy
4 5
storage to about 1:10 and the firing rate to 1:10 . Complete
quantitative investigation of all of these parameters was not made.
However it was observed that fluctuations in the cooling system of
more than 1 resulted in severe degradation of the beam profile and
of the mode locked pulse train. Since optimum mode locking of the
laser required operation near threshold, fluctuations of the energy
storage by more than . 5% resulted in the generation of multiple pulse
trains. Variations of the firing rate of up to a few percent caused
fluctuations in the duration and intensity of the pulse train, -while
greater fluctuations resulted in a degraded output profile.
In order to control the firing rate of the laser to the required
degree of accuracy, and to provide the capability of synchronizing two
or more laser leads for use with amplifier systems or double
oscillator experiments, a set of timing circuits was designed and
built. A block diagram of this unit is shown in Figure 2-3. It has
provisions for firing the laser manually or automatically. The
automatic clock shown in Figure 2-4a combines an ultra stable multi-
vibrator -with a unijunction transistor switch to produce trigger pulses
at an interval -which is continuously variable from 1 second to 10
4
minutes and stable to 1 part in 10 .
The electronic delays which are required to synchronize laser
heads or Pockels' cell Q-switches are made from a standard mono-
stable circuit design shown in Figure 2-4b. The timing elements of
11-9
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AUTOMATIC CLOCK
MAN-AUTO SWITCH
S.-A
+ 20 A
.005«f
a.
2N3704
I N 3 4 A
t j+At
Figure 2-4. Schematic diagram of basic circuits used in timing unit .
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the monostable circuit are ultra precise components providing time
delays which are continuously variable from 10 p. sec to 2 msec and
stable to 1 part in 10 . The unit was constructed with one fixed and
three variable outputs allowing the synchronization of up to four laser
heads or electro-optic Q-switches. Provision was also made for
synchronization to a rotating mirror Q-switch and for synchronizing
air pressure camera shutters which were used to operate the several
cameras required for many of the experiments which will be
described later.
2. 2. 3 Laser Performance
Figure 2-5 shows an oscilloscope trace of the output of the mode
locked laser obtained with an ITT planar photodiode and a Tektronix 519
Oscilloscope (combined risetime 0. 5 nsec). The time scale is 200 nsec
per division and the half width of the pulse train is about 1 |_isec.
Since no linear detector can respond rapidly enough to measure
a pulse envelope of a few picoseconds, it is necessary to use a non-
linear optical technique to measure the duration of the individual
pulses.
All of the measurements proposed thus far measure a second or
higher order correlation function of the pulse envelope rather than the
7 8 9pulse intensity directly ' ' .
The simplest and most widely used of these methods is the two
7
photon fluorescence (TPF) technique outlined .in Figure 2-6a . In this
measurement, two mode locked light pulses are propagated in a liquid
cell in opposite directions. The cell contains a dye which absorbs
11-12
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B 30% BEAMSPLITTER
M| 50% MIRROR
M2 100% MIRROR
D CELL CONTAINING TWO PHOTON FLUORESCING DYE
C CAMERA IMAGED ON FLUORESCENT STREAK
i i
10 p sec
Figure 2-6. Schematic diagram and results of two photon absorption
fluorescence measurement of duration of mode locked
laser pulse.
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light at twice the laser frequency and then emits characteristic
fluorescent radiation. The intensity of fluorescent radiation is
proportional to the second order correlation function of the intensity
9
envelope of the pulse :
I fluorescence
 = l + 2 G ( r ) (1)
0
where
 f
IT (t + T ) I T (t) dt
G(r) = J-±~ ^
7IJW dt
and r is the separation between the peaks of the two pulses which are
travelling in opposite directions. The fluorescence intensity is
enhanced in the region where the two pulses overlap, providing a
measure of the spatial extent of the laser pulse. The duration of the
pulse is then related to the width of the overlap region through the
group velocity of light in the medium.
Figure 2-6b shows such a measurement taken with the pulse train
from this laser. The spatial extent of the overlap region is about
2. 5 mm corresponding to a time of 5. 5 psec. Because this is a
measurement of a correlation function, a determination of the pulse
duration from the width of the fluorescent stripe requires a knowledge
V
of the pulse shape. The width of a Lorentziari pulse is given*directly
by the width of enhanced fluorescent stripe, while a Gaussian pulse
width is Vz^times larger. For typical simple pulse shapes, then,
the pulse duration is between 5 and 10 ps, in agreement with
measurement reported for other Nd:glass mode locked lasers .
11-15
The contrast ratio between the peak of the stripe and the wings,
predicted by Equation 2-1 is 3:1, -while the contrast shown in Figure
2-6b is closer to 2:1. This ratio is consistent with other observations
7
of this type which have been reported .
Contrast ratios of 3 have been observed in TPF measurements
done -with careful alignment and ultra high resolution. In such cases
the TPF pattern consisted of a narrow spike with subpicosecond
duration superposed on a shoulder lasting 5 psec.
The spectrum of the mode locked laser emission is shown in
Figure 2-7, indicating an oscillating bandwidth of approximately
10.0 cm -with a slightly asymmetric distribution about the center
frequency. If all of the oscillating modes were locked in phase, the
duration of the pulses would obey the relation A v A t = 1. For the
present laser pulses, the time bandwidth product is approximately 30,
agreeing with similar reports in the literature and indicating that all
of the modes are riot perfectly locked in phase. In those cases -where
the TPF measurements revealed a subpicosecond spike, the duration
of the spike -was limited by the bandwidth. The origin of such
structure has been attributed to the presence of Gaussian noise in the
5 psec laser pulse and also to a linear frequency sweep across the
pulse. The exact temporal structure of the pulses is being discussed
in the literature.
Transverse mode properties. The near field emission pattern
of the laser taken at the output mirror is shown in Figure 2-8 for three
different operating conditions: a) lenses removed from cavity (see
11-16
100
Figure 2-7. Spectrum of Ndrglass mode locked laser output.
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Figure 2-1) and laser is not Q-switched; b) lenses placed in cavity
and laser is not Q-switched; c) lenses placed in cavity and laser is
Q-switched and mode locked. The emission pattern produced without
the lenses is larger than the rod, indicating a high divergence, and
contains "hot spots" and an interference pattern due to the cavity
mirrors. When the lenses were added to the cavity, the overall
divergence of the beam decreased, although the rod still lased in
"hot spots". Mode locking of the laser with the lenses in place
resulted in a low divergence uniform emission pattern. In addition to
improved divergence, the addition of the lenses also lowered the non
Q-switched lasing threshold by a factor of 1. 6 in energy.
The near and far field patterns were studied in detail when the
laser was mode locked and the lenses were in place. The divergence
of the laser output was measured by photographing the far field
pattern at the focus of a 1 m lens with Polaroid 413 film. The diffraction
angle of the laser beam was adjusted to the diffraction limit of 250 |j.rad
by varying the spacing between the lenses. The uniformity of the
output beam was measured both with photographs of the near field
pattern taken through attenuating filters and with burn patterns also
taken through attenuating filters. With both methods, the beam was
determined to be uniform to about 10% across its full 1 cm diameter.
The intensity distribution more closely approximated that of a uniformly
illuminated aperture rather than the Gaussian distribution of the
lowest order transverse cavity model.
All of the improvements which resulted when the lenses were
added to the cavity have not yet been explained completely. The reduction
11-19
in threshold can be explained by a simple application of geometrical
optics. Because the lenses are arranged as 1:1 magnifier the cavity
is effectively shortened by the distance between them. If the light
emerging from the rod has a relatively large divergence due to
scattering centers or self-focusing effects, the shorter effective cavity
•will have a lower lasing threshold since it has a larger angular
acceptance. A rough calculation indicates that if the light emerges
from the rod -with a divergence of 5 mrad, the addition of the lenses
will decrease the diffraction losses by a factor of 2.
The mechanism responsible for the improvement of beam
uniformity has not yet been conclusively identified. Several laser
systems have been reported which use intracavity lenses to improve
12beam divergence and uniformity by spatial filtering . However all
of these systems require the use of an aperture at the focal plane of
the lenses to improve the laser performance. The success of the
present system without an aperture indicates that additional mechanisms
play a role in the improvement of the laser output. Other lens
combinations have also been reported which compensate for thermal
13lensing in the rod -which occurs while it is pumped. However, it
was observed here that the laser output could be varied continuously
and smoothly from a beam with a divergence in excess of 1 mrad to
a converging beam by changing the spacing of the lenses by as much
as 5 cm. No accompanying change in the uniformity of the output
beam was detected. Because of this wide variation of lens separation
which could be used without an accompanying change in beam
uniformity, it seems unlikely that the improvement in the beam
U-20
quality is caused by a correction of thermal lensing effects in the rod.
Furthermore, the lens spacing for optimum beam divergence was
determined to be 81. 2 cm. This spacing corresponds to a confocal
separation of two lenses with a nominal focal length of 40 cm at
5800 A if dispersion of the focal length is taken into account. This
indicates that the effects of thermal lensing of the rod are small under
the chosen operating conditions.
An explanation of the improved uniformity of the beam in terms
of an unstable cavity arrangement is also unlikely in view of the large
variation in lens spacing which is possible.
The improvement of the beam uniformity in going from non
mode locked to mode locked operation with the lenses in place suggests
the presence of a nonlinear effect such as gain saturation in the rod
•which occurs at the field intensities obtainable with the mode locked
pulses. Investigation of this effect is being continued.
The importance of a uniform pumping arrangement in the
generation of large diameter diffraction limited beams has also been
demonstrated. In the laser used here and in a mode locked ruby laser
(pumped with a helical lamp) with a Galilean telescope , the pumping
is extremely uniform and the outputs of both lasers and diffraction
limited. The positive lens couple was also tried in this laboratory
with a mode locked Nd:glass laser and a Q-switched ruby which -were
1 4 • • • • . •
pumped in double elliptical cavities . In both cases, no improvement
in beam profile was observed.
The effect of feedback in the cavity can be seen in Figure 2-9
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which shows the mode locked pulse train obtained when the lenses are
not antireflection coated. There are four interleaved pulse trains,
each with the fundamental cavity spacing between modes. The spacing
of the pulses from one train to the next was identified with the spacing
between the lenses and the front and rear mirror. The profile of the
laser output was again uniform, regardless of whether or not the
lenses were coated.
2. 3 Second Harmonic Generation
Generation of the second harmonic of the laser frequency at
. 53 (j, was done with o + o -> e phase matching in a 1 inch long crystal
of KDP. Recent calculations indicate that such a length of KDP is
capable of phase matching the entire 100 cm bandwidth of the
fundamental laser radiation
Typical fundamental and second harmonic pulse trains are shown
in Figure 2-10. The energy conversion efficiency with 1 joule of
fundamental light is about 20% providing about 2 mj per pulse at . 5300 ^i
It was observed that variations of the crystal orientation about the
optimum setting by about 200p.rad caused reductions in the conversion
efficiency providing a further indication of the diffraction limited
divergence of the fundamental laser beam.
The TPF measurement of the pulse duration and the spectrum of
the second harmonic light are shown in Figure 2-11. The pulse
duration varied between 3 and 5 ps on separate laser shots. The
corresponding spectral width varied between 40 and 50 A (160 and 200
cm ) indicating that the full laser bandwidth was efficiently converted
11-23
a
200ns
L l
200ns
Figure 2-10. Fundamental (a) and Second Harmonic (b) pulse trains.
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lOpsec
b.
-.5792/1
.5074M .5462/1 1.577,^
100&
Figure 2-11. TPF pulse duration measurement and spectrum
of SH pulses.
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to the second harmonic.
2.4 Glass Laser Amplifier
The laser amplifier is shown in Figure 2-12. The head has a
double elliptical cross section and the rod is Nd;doped glass, 9/16"
in diameter with Brewster angles at each end. It is 7" long and is
pumped -with two linear flashlamps. Both the rod and the lamps are
water cooled.
The gain of the amplifier was optimized with regard to the
flashlamp pulse duration and the timing of the flashlamp discharge
relative to the laser pulse from the oscillator. The optical gain of the
amplifier at the optimum setting of lamp pulse duration and delay was
measured as a function of storage energy.
In order to optimize the lamp pulse duration the gain of the
amplifier was measured as shown in Figure 2-13. The system was
calibrated by assuming unity gain when the amplifier rod is unpumped.
This is expected to be a good approximation since the Ndiglass laser
is a four level system and therefore linear absorption -will be negligible
when the rod is not pumped.
The gain of the amplifier was measured as a function of the
delay between the oscillator and amplifier flashlamp discharges and is
shown in Figure 2-14, for an amplifier pulse duration of 400 (is. At the
optimum setting, the oscillator lamps were delayed relative to the am-
plifier lamps by about 250 [xsec. The exact value of this delay depends
on the duration of the amplifier lamp pulse since the pulse durations
used here are comparable to the fluorescent lifetime of the rod.
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Typical discharge pulses are shown in Figure 2-15 for the oscillator
(a) and the amplifier (b). The position of the lasing pulse is shown on
the oscillator lamp discharge.
Figure 16 shows the population inversion of the amplifier as a
function of time for a discharge of the form in Figure 2-15b assuming
a fluorescent lifetime of 300 |j.s. The position of the lasing pulse from
the oscillator is shown at the time of optimum gain as determined from
Figure 2-15. The curve of Figure 2-16 shows that the optimum gain of
the amplifier occurs a little after the establishment of maximum
population inversion.
The dependence of the amplifier gain on the duration of the
flashlamp discharge was also measured -with the arrangement shown in
Figure 2-13. The flashlamp pulse duration was varied by changing the
value of the current limiting inductor in the flashlamp driving circuit
shown in Figure 2-17a, so that the energy storage would remain
constant as the pulse duration was varied. For each value of pulse
duration, the delay between oscillator and amplifier lamps was
optimized as outlined above. The results are shown in Figure 2-17b
for a pumping energy of 1300 Joules. The optimum flashlamp pulse
duration (full width at 1/e height) agrees quite •well with the published
values of 300 \j.s for the fluorescent lifetime of the laser rod. The
results of Figure 17b indicate the importance of optimizing the lamp
pulse duration in achieving maximum efficiency from the laser rod.
Inefficient use of the pump light on both sides of the optimum can
produce unnecessary uv radiation causing crazing of the rod, or
unused IR radiation which causes thermal distortion leading to beam
11-30
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deterioration. Once the optimum pulse duration and delay were
determined, the gain of the amplifier -was measured as a function of
energy. This result is shown in Figure 2-18. For energy gains
below about 4, the gain curve is approximately exponential, following
a curve of the form
T T a ^1 = 1 . e
out in
with a = 1. 14 x 10"3 J"1
At higher gains, the amplifier characteristics indicate the onset of
gain saturation.
Useful gains of this amplifier are limited to about 8 or 9.
Operation at higher gain levels is inefficient because of the onset of
the linear gain region of the rod.
2.5 Pulse Selection
The selection of a single pulse from the mode locked train is
desirable for several reasons. Measurements of threshold energies
in self-focusing, stimulated scattering and optical damage studies
are more accurate when done with a single pulse. Selection of a single
pulse also makes it possible to study the pulse duration and spectral
width of the laser output on a pulse by pulse basis, obtaining additional
information about the fundamental processes present in mode locked
lasers. In addition, effects such as thermal scattering which are too
slow to respond to a single picosecond pulse but which can build up
across the pulse train can be avoided in nonlinear optical experiments
using picosecond pulses.
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Several methods have been reported for selecting a single pulse
both inside and outside the cavity . All of these methods make use
of two possible orthogonal polarizations of the laser light to direct
the selected pulse in a different direction than the rejected ones.
The method used here is shown in Figure 2-19. The polarization
of the laser light at the Pockels' cell is defined by the first polarizer.
The Pockels1 cell is used to change the state of the polarization of the
light and the analyzer separates the two beams of opposite polarization.
It is most convenient to have the laser light polarized in the vertical
plane when it enters the pulse selector since the rejected pulses are
then deflected horizontally out of the beam and the selected pulse
continues in line -with the initial laser direction. Since the output of
a mode locked laser is horizontally polarized by the Brewster angle
faces of the rod, this requires the use of a half wave plate before the
first polarizer if the pulse selector is used at the fundamental laser
•wavelength.
The operation of the pulse selector is as follows. The voltage
across the electro-optic cell is initially zero, and the vertically
polarized pulses pass through it without experiencing a change in their
polarization. They are deflected out of the beam by the analyzer and
trigger a high voltage switch, which is usually a triggered spark gap.
>•
When the high voltage switch closes, an electrical pulse of the
appropriate half wave voltage is applied to the Pockels' cell for the
interpulse spacing of 10 ns. 'The polarization of the next pulse in the
train is rotated by 90 and is transmitted by the analyzer. The
remaining pulses are deflected out of the beam when the electrical
11-37
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pulse turns off but since the high voltage switch takes several milli-
seconds to recover, it is triggered only once per laser shot.
The performance of the pulse selector is shown in Figure 2-20.
The rejected pulse train is shown in Figure 2-20a with one pulse
missing, and the selected pulse is shown in Figure 2-20b. The partial
rejection of the pulse, seen from the fact that it is not completely
absent from the rejected train, and the partial transmission of
subsequent pulses will be discussed below.
The performance of the pulse selector depends on many factors.
The discrimination against the pulses preceding and following the
selected one is determined mainly by the quality of the Pockels1 cell.
The rejection ratio of the two prism polarizers of Figure 2-19 was
3
determined to be greater than 10 . When the Pockels' cell was added,
the rejection ratio decreased to about 400 due to strains and inhomo-
geneities in the KD*P crystal. This problem of course would not be
present if a liquid Kerr cell were used, but this would require much
higher operating voltages.
The fraction of the selected pulse which is transmitted by the
analyzer and the discrimination against partial transmission of the
pulses immediately following it are determined by the Pockels' cell,
the high voltage switch and the pulse forming net-work -which drives it.
In this study several combinations of spark gaps and pulse forming
net-works -were investigated. Each combination was found to operate
•well under certain conditions but each had sufficient disadvantages so
that the use of all combinations -was required.
U-39
200ns
5ns
Figure 2-20. Typical diode trace of rejected pulse train (a) and
selected pulse (b).
11-40
Two kinds of spark gaps were used. One was an electronically
triggered three point gap which -was operated both at atmospheric
17pressure and with nitrogen gas at approximately 3 atmospheres
The other was a laser triggered spark gap with the laser light
- • 18
focused through one of the electrodes onto the other . The laser
-/'
triggered spark gaps were always pressurized with, nitrogen. These
two types of spark gaps are shown schematically in Figure 2-21.
Two kinds of pulse forming networks were also investigated
and are shown in Figure 2-22. One consisted of a charged capacitor
which was discharged into a resistive load, producing a roughly
triangular pulse with a 1/3 width of 13 ns and a. height of V . The
second consisted of a length of charged cable which -was discharged
into the load by the spark gap. This network produced a square pulse
2S. o 19
of length —Ve~ and a height of —=- . The length of the charging
cable \vas chosen to obtain a pulse duration of 10 ns.
Pulse selection at the second harmonic wavelength of . 53 (i with
the electronically triggered spark gap and a capacitor discharge net-
work is shown in Figure 2-23. In this mode of operation,; the spark
gap is triggered -with an electrical pulse of about 2 kv, which is produced
from a transistorized Marx bank.unit. The Marx-bank-is triggered
with a photoelectric signal produced by the rejected laser pulses
[see Figure 2-19]. This system works reasonably well at . 53 \i. The
system is very reliable both in the fraction of the selected pulse -which
is switched out of the pulse train and the position of the selected pulse
in the train. The triggering of the Marx bank is quite easy, since
photoelectric signals of several volts are readily obtainable from the
11-41
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Figure 2-21. Schematic diagrams of two kinds of spark gaps used
in the present experiments.
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C PULSE FORMING CAPACITOR
SG SPARK GAP SWITCH.
L 50 ft COAXIAL CABLE
R 50 ft TERMINATOR
PC POCKELS1 CELL LOAD
H.V. LI SG L2
LI PULSE FORMING COAXIAL CABLE,
ELECTRICAL LENGTH =
L2 50ft COAXIAL CABLE .
R 50ft TERMINATOR
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Figure 2-22. Schematic diagrams of two pulse forming networks
(PFN) used with the spark gaps of Fig. 2-21.
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100ns
Figure 2-23. Typical scope traces of rejected (a) and transmitted
(b) pulse trains at the SH frequency using an electro-
nically triggered spark gap.
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laser pulses with fast photodiodes. There are some disadvantages to
this system however. The jitter introduced in the timing of the spark
gap breakdown relative to the laser pulse by the Marx bank unit is about
4 ns. When the system is used with light at . 53 ^, this jitter presented
no problem since the full half wave voltage of 5. 3 kv could be used on
the Pockels' cell and the transmitted intensity is relatively insensitive
to small changes of voltage around the maximum transmission.
However, when the system was used with the fundamental laser wave-
length of 1. 06 fu., the Pockels' cell specifications restricted the maximum
voltage to 2/3 of the half wave voltage. At this operating point, the
optical transmission of the analyzer depends strongly on the exact
voltage applied to the Pockels' cell and consequently the jitter in the
triggering of the spark gap is more noticeable. Variations of as much
as 100% were observed in the fraction of the infrared pulse selected
from the pulse train. Finally, it -was not possible to switch an entire
pulse from the pulse train, even at the SH wavelength. This resulted
from the resistance in the spark -which was as high as 30 ft, causing a
voltage division between the spark gap and the Pockels' cell. The
resistance of the spark was decreased by pressurizing the gap with
nitrogen, but at the optimum conditions of about 40 ,psLand V = 7 kv,
only about 85% of the pulse could be switched out. ' The lack of complete
selection may have been due to. the size and shape of the electrodes
resulting in a nonzero minimum of resistive voltage division which
could be obtained.
Most of these problems can be overcome with the use of a laser
triggered spark gap. With these spark gaps, the jitter in triggering
11-45
time can be reduced to a few nanoseconds. The spark gaps were
constructed -with small electrodes so that complete selection of the
pulse at . 53 [JL was possible. Laser triggered spark gaps also have
their disadvantages, however. Since the laser must be focused near
the electrodes, the life of the laser triggered spark gap is much less
than that of the electronically triggered one. Typical nitrogen pressure
of 200 psi were used, and the position of the selected pulse in the
train could be varied by changing the pressure by only 10 or 15 psi. It
is more convenient to vary the position of the selected pulse with the
electronically triggered unit by using a delay cable between the photo-
diode and the Marx bank.
As has been noted earlier, the use of a capacitor discharge pulse
forming network results in partial transmission of the pulses immediate-
ly succeeding the selected pulse because of the extended tails of the
electrical signal. This problem can be overcome with the use of a
square electrical pulse generated by the charged cable pulse network.
The Pockels1 cell used here, however, was unable to take full advantage
of this improvement, since its frequency response was limited to 100 mhz.
The high frequency components contained in the sharp leading and
trailing edge of the pulse were reflected from the Pockels1 cell as shown
in Figure 2-24 causing the partial selection of some additional pulses
as seen in Figure 2-20. It was possible to partially overcome this
problem with the termination network of Figure 2-25a. Here, the high
frequencies carried in the leading and trailing edge of the pulse are
prevented from reaching the Pockels1 cell by the high impedance
11-46
a.
10ns
Figure 2-24. Electrical pulses produced by laser triggered spark
gap and cable discharge network, under two different
load conditions.
b.
10ns
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TEE 50II GENERAL RADIO POWER DIVIDER
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L INDUCTOR
PC. POCKELS1 CELL
Figure 2-25. Diagram of electrical filter used to eliminate electrical
reflections at Pockels1 cell and results of using filter.
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presented by the inductor. The entire pulse, however is completely
terminated so that no reflections occur. The resulting pulse at the
Pockels cell is shown in Figure 2-25b. The risetime of the leading
and trailing edges of the pulse are stretched to 2. 5 ns, to match the
response of the Pockels cell. With a 10 nsec input pulse, the center
of the pulse is still, flat for 5 nsec allowing such a scheme to work even
with the jitters present in the Marx bank unit.
2. 6 Pulse Compression
The generation of mode locked pulses lasting for about 5 ps has
provided an opportunity to study the interaction of light and matter in
a time regime which was not previously accessible. The production of
subpicosecond pulses would provide an opportunity to extend this new
regime to still shorter times. Lifetimes of molecular and atomic
systems could then be studied with even higher resolution. In addition
with pulses which last for only a small fraction of the duration of the
mode locked laser pulse it would be possible to study the pulses from
the laser in detail.
The large time bandwidth product of the mode locked pulses from
the Ndrglass laser provides an opportunity for generating such sub-
picosecond pulses in a very simple manner. If the relative phases of
all its frequency components are fixed, the limiting duration of a pulse
-1 -13
with a 100 cm bandwidth at a wavelength of 1. 06 ^ is 3 x 10 sec.
The results of pulse duration measurements indicating a pulse duration
of 5 ps and a resulting time-bandwidth product of 30 have been inter-
preted in terms of a frequency sweep within the pulse. Treacy has
U-49
successfully compressed the mode locked pulses at the fundamental
-13 11
wavelength to 4. 4 x 10 sec with a pair of parallel gratings .
Here the second harmonic pulses of the Nd:glass mode locked
laser have been compressed to a duration of 3 x 10 sec with a
system similar to that of reference 11. The parallel grating pair is
shown in Figure 2-26. Collimated light incident at the first grating is
diffracted to the second and emerges in a direction parallel to its
original path. The optical path length of this system decreases
linearly -with frequency, so that if the frequency in the pulse increases
from front to back, the back of the pulse can catch up to the front.
The behavior of the grating pair is analyzed in reference 11, where it is
shown that if all of the structure in the pulse is in the form of a linear
frequency sweep, it can be compressed to a duration limited only by
its total bandwidth.
Typical behavior of the grating pair is indicated in Figure 2-27,
where TPF displays of a compressed (top) and an uncompressed
(bottom) pulse are shown. The minimum pulse duration which was
observed was 0. 3 psec and the maximum compression ratio was 10.
The duration of the pulse at the first grating was typically 3 psec and
its bandwidth was typically 40 A (see Figure 2-11). The time bandwidth
product of this pulse is 80 and its minimum possible duration is . 05 psec.
The discrepancy between these values and the experimentally observed
values of minimum pulse duration and compression ratio indicates
that the entire pulse is not being compressed. This lack of complete
compression indicates that not all of the laser bandwidth is in the form
11-50
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of a linear frequency sweep. Since the duration of the compressed
infrared pulses reported in reference 11 is closer to the theoretical
minimum, the SH results indicate that the second harmonic generation
process in the KDP may be affecting the phase structure of the light
pulse. This discrepancy can also be accounted for by the presence of
random modulation on the pulse envelope
The compression of single SH pulses was also observed, and the
results -were essentially identical to those obtained with the entire
pulse train.
Z. 7 Laser Synchronization
By using the pulse selecting techniques described earlier it is
possible to synchronize two independently pulsed lasers. With a system
of this type.it becomes possible to use one laser pulse to probe effects
created by the other in lifetime measurements, plasma diagnostics
and studies of the decay of various nonlinear optical processes.
Here, the synchronization of a single mode locked pulse at 5300 A
with a Q-switched pulse from a Ruby laser is demonstrated. The
experimental configuration is shown in Figure 2-28. The Ruby rod
was plane parallel 3/8" diameter in a double ellipse head. Longitudinal
mode selection was done with a four surface resonant reflector. The
Ruby laser was Q-switched with a Pockels' cell triggered from the
early pulses in the mode locked output of the glass laser. Part of the
Ruby pulse was used to select a single pulse from the SH pulse train of
the mode locked laser using the pulse selection techniques previously
described. The trigger for the pulse selector was a laser triggered
11-53
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spark gap. Typical synchronization of the two laser outputs is shown
in Figure 2-29a, measured at photo diode No. 1 of Figure 2-28. The
position of the selected mode locked pulse relative to the Q-switched
pulse is shown in Figure 2-29b. The mode locked pulse could be
consistently placed on the leading edge of the Q-switched pulse with this
arrangement. It can easily be delayed to a later position in the pulse
by increasing the threshold of the spark gap. Earlier timing of the
mode locked pulse, which might be important in studying the buildup
of such effects as self-focusing could easily be obtained •with the use
of a stronger Q-switched output. This work is described in more
detail in reference 21.
11-55
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200ns
Figure 2-29. Oscillograms showing relative timing of mode locked laser
train and selected mode locked pulse with synchronized
Q-switched pulse.
50ns
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CHAPTER III
TRANSIENT STIMULATED RAMAN SCATTERING
In this chapter, the Stimulated Raman effect is examined for the
situation in which the duration of the laser pump pulse is too short to
develop complete excitation of the material system. The time
dependence of Stimulated Raman gain in the transient regime is
reviewed for square pump pulses, and the results are extended to
realistic pulse shapes. The results of experiments which confirm the
theoretical predictions, are summarized and additional properties of
the transient Stimulated Raman effect generated by mode locked
laser pulse trains are described.
3. 1 Stimulated Raman Scattering
Stimulated Raman Scattering arises from a third order
susceptibility which couples the laser at frequency UT to a down-
shifted Stokes wave at u,-, and an optical phonon at un = -U) T -uc. Fouro .' u " .LJ o
photon scattering which couples the laser to a Stokes wave at WT -u~J_i U
and an anti Stokes wave at UT +un without any net material excitationJ-j U
through a polarizability which varies at the phonon frequency U- is
also possible. The generation of the downshifted wave is described
by equations which couple the electric fields to the optical phonon:
43.
2 - - 2 a 29 t c at
Ill-2
+ 2 r -- + u = K EE (ib)
at at "
where E-. „ is the field amplitude of the laser and Stokes wave
respectively, Q is the normal coordinate amplitude of the optical
r\
phonon. K = N -^= , the variation in polarizability -which provides the
coupling between the waves and the velocity of propagation of the
phonons has been taken to be zero.
If a wave solution of the form
j(u
 qt - k z)
IT. = in ft ~\
 0 -L-J & ^^
a =a 0
are assumed, and the field amplitudes are assumed to be slowly
varying, the folio-wing equations are obtained:
c kg
•where the phase matching and energy conserving relations
=
 kS
have been assumed.
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In the steady state limit, these equations reduce to
9E
— -
 j k QEL (3a)
c K
ESEL <3 b>
leading to the result
S Ao~ I _ I 2_ .E (4)8z ' T '^L1 ^S
where
•j*T2 2
A = 3N C
8usiks
and a is the total spontaneous Raman cross section per molecule
defined as
a =
 3 ~ z: •
c 0
Equation (4) indicates that the Stokes wave experiences steady
state exponential growth as a function of propagation distance which
is characteristic of stimulated processes;
G
E (z) = E egZ = E e SS (5)
5 bO S0
where the,steady state gain is given by
„ Ao- I _ I 2Gss = T I EL! z
Considerable theoretical and experimental \vork has been
Ill-4
reported on steady state Stimulated Raman scattering and a fine
review of this topic can be found in reference 1.
3. 2 Transient Raman Scattering
If the laser pulse is sufficiently short, the time derivatives of
equation (2) must be retained. In this case, no general analytic
solutions can be found except for certain cases of idealized boundary
conditions. Transient equations of this type even treated by Kroll
in the case of Brillouin Scattering, and by C. S. Wang for the transient
Raman scattering . In these cases, constant amplitude noise function
for the Stokes and phonon waves and a square laser input pulse -were
assumed. In this situation, the Stokes wave was found to be given by
It - Ft G(t)
E (t) = E e SS = E e (7)
S S0 S0
for times which satisfied the relation
t« = t (8)
•where G is the steady state gain given by equation (6). For times
S S
greater than t , the process is described by the steady state results.
S S
The steady state condition given in equation (8) differs from the
4
condition which applies to the spontaneous scattering case , t = I/I
S S
by the factor G . Since G depends on the laser intensity, equation
(8) indicates that the Raman scattering becomes more transient for a
pump pulse of a given duration as its intensity is increased.
When the duration of the pump pulse is determined by its
Ill-5
bandwidth, t - , the condition for transient scattering in equation
' p AWT
(8) becomes
AWl>> <f- (9)
ss
This condition holds for stimulated scattering in general and indicates
that the transient regime is reached when the linewidth of the laser
becomes comparable to that of the optical phonon. This fact has been
used to discriminate against competition from Stimulated Brillouin
Scattering by a choice of pulse durations for which the Raman effect is
steady state while the much slower Brillouin effect is transient .
Figure 3-1 shows the development of the Stokes wave for a
square laser input in the steady state and transient regimes. While
in the steady state regime, the Stokes pulse follows the laser pulse,
it grows more slowly in the transient regime following a Bessel
function dependence on time in its early stages. In the special case
of square pulses considered here, the Stokes pulse is terminated
abruptly at the end of the laser pulse. It is:narrower in time than the
laser pulse and its center is delayed relative to the center of the laser
pump pulse.
In reference 6, the analysis was extended to the case of realistic
laser pump pulse shapes. There it was found that while the delay and
shortening of the Stokes pulse -were still evident, they were much less
pronounced for smoothly varying pulse shapes than for the square
pump pulses. In addition it -was found that the Stokes pulse increases
with Bessel function growth in the rise of the pumping pulse but after
its peak, it falls with the time dependence of the laser. These
Ill-6
a.
c.
Figure 3-1. Schematic illustration of the effects of a transient
response on the Stimulated Raman effect for a
square laser pulse.
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characteristics provide a means of deducing an approximate shape of
the laser pulse by measuring the amount of delay and shortening of
the Stokes pulse relative to the laser pulse. These results are
described in detail in reference 6.
The transient gain coefficient of the Raman pulse given in
equation (7) shows that the transient gain of the Raman process is
independent of the -width of the spontaneous Raman line I and depends
only on the total integrated cross section since for large values of
steady state gain . •
V A o -GT(t) =  z|EL |"t (10)
This behavior is also present in the computer solutions of
reference 6 -where it is shown that for large values of the steady state
gain, the transient Raman gain depends only on the energy deposited
in the medium and the total Raman cross section and is given by
j.G (t) = 4V/ |E ( t ) | 2 dt z ACT (11)
This characteristic allows two Raman lines to be stimulated
simultaneously in the transient regime if they have comparable total
cross sections, while in the steady state case, only the line -with the
larger peak cross section can be stimulated.
3. 3 Transient Stimulated Raman Scattering Experiments
Experiments -were performed in several liquids and gases with
a mode locked ruby laser to verify these theoretical predictions. The
Ill-8
duration of the laser pump pulses was about 10 psec, with energies of
25 mj per pulse so that for most of the materials studied/ the pulse
duration was less than the steady state time G /T (typically a few
s s
hundred psec). Stimulated Raman scattering was observed in many
7 8 ' • ~liquids and compressed gases and conversion efficiencies up to 30%
were obtained in gaseous SF,. In the some of the gases, rotational,
and rotational-vibrational lines were observed in addition to the usual
vibrational lines -with the use of circularly polarized pump light. The
8predictions of pulse shortening -were confirmed in CC£. where a
decrease in pulse duration by a factor of . 75 was observed. Recently,
these same effects of pulse shortening and delay -were observed in
9
Stimulated Brillouin Scattering using Q-switched laser pulses . This
result was used to deduce that the pulse from the ruby laser had an
approximate Gaussian time dependence in the tail. Recently a
Regenerative Raman oscillator has been used to generate Stokes
pulses -which are 10 times shorter than the laser pump with durations
as short as . 3 psec.
The linewidth dependence of the transient Raman gain was
investigated in methanol, where the spontaneous Raman spectrum
contains two lines -with approximately equal total cross sections but
with peak cross sections in the ratio of 1. 5:1. In the steady state
regime, the ratio of the gain for the two lines is about 2:1, so that
only one line is expected to be seen in the steady state stimulated
spectrum. However, the stimulated spectrum (shown in Figure 3-2a)
shows that both lines were simultaneously .excited. The ratio of
intensity of the two lines in the spectrum is about 15:1 showing that the
ni-9
.8634# .8654A .8780/J
Figure 3-?. Stimulated Raman spectrum of Methanol obtained with a),
mode locked ruby laser and b). SH of Nd:glass laser.
100^
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extreme transient limit •was not reached. These experimental results
are reported in detail in references 7 and 8.
Stimulated Raman Scattering was also investigated with the mode
locked pulses from the Nd:glass laser. The infrared pulses at 1. 06 ^
•were used to pump many liquids and compressed gases, but no Raman
conversion could be detected at intensities in excess of 10 w/cm .
The low conversion may be caused by a combination of linear dispersion
and the large band-width of the Nd:glass laser pulses. In reference 4,
spontaneous Raman scattering was analyzed in the transient time
regime. It was found that the total cross section -was the same as in
the steady state case, but the cross section per mode of scattered
radiation was reduced by the factor ( F t ) when t is the duration of
P P
the pump pulse. If the laser pulse contains a linear frequency sweep
resulting in a band-width Aco. , and if AD. > -— the appropriate
-1 P
reduction factor becomes (I/A(JT ) . This reduction of cross sectioni-i
has the effect of decreasing the Stokes input level in a given mode
•which is produced by spontaneous Raman scattering. Consequently,
the stimulated Raman pulse must grow from a smaller signal when
the pump pulse is modulated.
The case of a randomly modulated laser pump was treated in
reference 6, where it was shown that the transient gain for such a
pulse followed that of an unmodulated pulse of the same duration, but
was reduced by a factor which is equivalent to that predicted from the
spontaneous analysis for Raman cross section per mode. This effect
could account for the small amount of Stokes radiation generated by
the Nd:glass mode locked laser pulses at 1. 06 . The effects of linear
m-11
dispersion on the stimulated Raman process were also discussed in
reference 6.
Stimulated Raman scattering was also observed with the second
12harmonic (SH) of the pulses from the Nd:glass laser . Stokes shifted
lines were seen in such liquids as normal hexane, acetone, methanol,
ethanol and acetic acid, and maximum conversion efficiencies of a
few percent were obtained in n-hexane and acetone. It was observed
here that the spatial properties of the Raman radiation depended
strongly on the quality of the input beam. In Figure 3-3a, the cross
section of the Stokes light generated in normal hexane at the focus of
a 30 cm lens is shown with a magnification of 80 x. In this case, the
pump pulse had a uniform cross section and the Stokes light was
generated by the entire beam. If a small amount of structure was
introduced into the cross section of the SH beam by moving the KDP
crystal off of perfect phase matching the results shown in Figure 3-3b
were obtained. Here, the Raman radiation is contained primarily in
filaments about 25ft in diameter. This result indicates that a beam
with a sufficiently smooth cross section can be focused into a cell
to produce a significant amount of Raman scattering without undergoing
the process of self-focusing.
In Figure 3-2b, the stimulated Raman spectrum from methanol
obtained with the SH pulses is shown. The broad smear is a result
of the spectral width of the laser, and the two narrow lines arise from
the two optical phonon vibration at frequencies of 2837 cm and
3942 cm"1.
in-iz
a
Figure 3-3. Near field patterns of Stokes radiation produced by the
second harmonic of the Nd:glass mode locked laser in
normal hexane.
0.5 mm
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As was indicated earlier,these two lines have identical total
cross sections, but peak cross sections which differ by the ratio 1. 5:1.
The ratio of intensities of the two lines produced by the Nd:glass SH
radiation is about to 1:1, compared to the 15:1 ratio obtained with the
ruby laser indicating that the Raman effect in methanol is more
transient when the Nd:glass SH light is used as a pump. Diode traces
of the Raman radiation generated with the SH Nd light in these liquids
•were made with an ITT fast photodiode and a Tektronix 519 traveling
wave oscilloscope as shown in Figure 3-4. Typical results are shown
in Figure 3-5, when several laser shots are shown indicating the
laser and Stokes pulse trains in acetone (a,b, c) and n-hexane (d, e).
The Raman conversion varied considerably across the pulse train.
The variation is apparently random, although there is some correlation
between strong Stokes conversion and rapid increases in the pump
pulse train envelope. Similar effects have been observed with the
ruby laser ' , where the conversion efficiency was found to fall off
consistently at the back of the pulse train in some materials. This
effect has been attributed to a cumulative effect such as heating which
can build up across the pulse train
To investigate this effect, the experiment shown in Figure 3-6
was done. The Raman conversion from a single pulse was monitored
as the position of the selected pulse in the pulse train was varied.
Typical results are shown in Figure 3-7. The results show that a
typical pulse train can be divided into three distinct regions as shown
in Figure 3-8, with the qualitative labels shown there of consistently
large conversion in the very beginning of the train, usually small
111-14
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Figure 3-5. Comparison of Stokes and SH laser pulse trains in
acetone and n-hexane.
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Figure 3-7. Diode traces of laser pulses and Stokes radiation
generated in benzene with a single laser pulse.
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conversion in the region up to the center of the train, and little or no
conversion in the tail of the train.
These results are consistent with those obtained with the entire
pulse train, and indicate that the variation in gain across the laser
pulse train, at least in some cases, arises from variation in the
properties of the pulses, and not from a cumulative effect.
14Measurements have been reported which indicate that the spectral
width of the pulses in the front of the train, where the Raman
conversion is high, is considerably narrower than that in the rear of
the train, where the Raman conversion is lower. According to the
transient spontaneous Raman theory this -would account for the
decreased Raman gain at the end of the train, because the spontaneous
Stokes signal -would decrease toward the end of the train.
The spatial width and time duration of the single pulses used in
the present experiments were measured as a function of position in
the pulse train. However, the fluctuations in these quantities -which
existed at a given position in the pulse train from shot to shot were
greater than the systematic variations across the train. A careful
correlation of the pulse duration, spectral width and Raman conversion
efficiency of the mode locked pulses is required to completely
identify the source of this variation in Raman conversion efficiency.
References 4, 6, 7 and 8 report theoretical and experimental
investigations of Transient Stimulated Raman Scattering and Transient
Spontaneous Raman Scattering which were performed under these
contracts.
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CHAPTER IV
SELF FOCUSING
4. 1 Introduction
The self focusing effect occurs when an intense laser beam of
finite dimensions propagates in a material with a refractive index which
is an increasing function of beam intensity. A beam with an intensity
profile which is larger in the center than at the edges creates its own
positive lens in the medium and when the lens is strong enough to over-
come the spreading of the beam due to diffraction, the beam intensifies.
When the effective focal length of the induced lens becomes shorter
than the length of the cell, the beam collapses to a diameter of a few
microns.
A review of the theoretical and experimental studies of the self
focusing effect before 1968 can be found in reference 1. The following
is a brief summary of the more important developments in the study of
2
self focusing. The self focusing effect was first predicted by Aska r ' yan
in 1962 in connection with the propagation of laser beams in plasmas. In
1964, M. Hercher observed damage tracks with diameters of a few mi-
crons in crystals and glasses which were generated near the focus of a
Q-switched ruby laser beam. These damage tracks were later interpreted
4
in terms of self focused filaments. Chiao, Garmire and Townes investi-
gated the connections under which a beam with sufficient intensity could
propagate without diffraction with an arbitrary diameter in a nonlinear me-
dium. They assumed the beam created its own optical wage guide in the
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medium and obtained an expression for a critical power at which the
self focusing effect exactly compensated diffraction. Pilipetskii and
Rustamov observed self focused filamentary regions directly from the
side and end of the cell and found that while the end picture consisted of
several small spots of light, the side picture showed narrow streaks of
light in the cell. Later Kelley numerically integrated the nonlinear
propagation equations and obtained expressions for the threshold power
of self focusing and the self focusing length as a function of beam and
material parameters. At the same time Lallemand and Bloembergen
reported observations of filaments at the exit window of a cell and
identified the orientational Kerr effect as the self focusing mechanism
for many liquids. They also identified the self focusing process as
being responsible for the onset of anomalously high conversion in
o
Stimulated Raman scattering experiments. C. C. Wang used this
result to make experimental estimates of the self focusing lengths and
threshold powers in various materials. His results confirmed the form
of Kelley 's solution for the self focusing lengths and his estimated
threshold powers fell between the values predicted by Kelley and by
4 9Chiao et al. . In 1966 Garmire et al observed self focusing from the
end of a cell and followed a self focusing filament through a cell, finding
the beam broken up into regions about 100|_i in diameter.
Bespalov and Telanov then investigated the effect experimentally
and found conditions under which the formation of multiple filaments
could be predicted.
Later a second class of filaments was observed to occur in
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materials with large orientational Kerr constants . These filaments
occurred at higher laser powers and had diameters of only a few mi-
crons and their occurrence was observed to be closely associated with
increased conversion efficiency in Stimulated Raman Scattering.
Photographs of a self focusing beam from the side showed
that once the self focusing length is reached, the beam appears as a
series of streaks on the photograph which have diameters of a few
microns and which last for many centimeters. This was originally
4
interpreted in terms of the self trapping theory of Chiao et al , in which
the light propagates confined in its own wave guide in a diffractionless
mode. The existence of this wave guide became the subject of consider-
able experimental and theoretical investigation. The calculations of
Kelley could not be extended past the self focusing length because the
intensity diverged at the focusing position, so they could not predict the
existence of such a wave guide. Others made numerical investigations
making use of index saturation to prevent a singularity from occuring
at the self focusing position and found that the beam diameter stabil-
ized at a few tenths of a micron, which was an order of magnitude
less than that observed experimentally ' . In recent years, the
14 15
concept of moving focal points was proposed by a number of authors
to explain the experimental results obtained with Q-switched lasers.
According to this model, the self focusing length of the pulse depends
on time through the time dependence of the laser intensity and the
streaks seen from the side of the cell are merely an unresolved
succession of focal spots. In general, two focal spots exist
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in the cell at a given time and they move forward and backward in vari-
ous parts of the cell. Considerable experimental evidence has been
accumulated to support this model in experiments done with single-
mode Q-switched lasers, and both the forward and backward moving
focal points have been observed
In addition to altering the spatial properties of a laser beam, an
intensity dependent refractive index can produce frequency modulation
on the pulse ' . Such frequency modulation and frequency broad-
ening up to several hundred cm has been observed in many materials
18 19
with multimode Q-switched lasers . In these experiments, the
spectrally shifted light was primarily on the low frequency side of the
laser. Freqency broadening of the Raman shifted lines has also been
observed . The frequency modulation has been successfully inter-
preted in terms of a self phase modulation theory ' which makes
use of relaxation of the nonlinear index to account for the asymmetry of
the frequency broadened spectrum.
Self focusing has also been observed with mode-locked lasers.
Brewer and Lee reported observations of filamentary spots of 6jj
diameter which were produced by the infrared pulses from a Nd ;
glass mode-locked laser in many of the same anisotropic liquids that
were studied with Q-switched lasers. In addition, they observed self
focusing in liquids with symmetric molecules such as CC1, , which led
to speculations as to the possible involvement of electronic
nonlinearities in the self focusing process.
Frequency broadening was observed in several materials with the
IV-5
pulses from a mode-locked ruby laser . These results were very
similar to those obtained with Q-switched lasers except that the spectra
were more nearly symmetrically broadened about the laser line. Self
focusing and frequency broadening up to several thousand cm have
23
also been observed in several crystals and glasses as well as in highly
24
symmetric liquids such as liquid Argon using the second harmonic of
the Nd: glass laser.
In this chapter, a study of the self focusing properties of the
infrared pulses from the Nd : glass mode-locked laser is presented.
The theory of self focusing is summarized in the first section and the
spatial properties of the self focusing process are described in both the
steady state and transient regimes. Next, a series of experiments is
described which use the optical anisotropy induced by the strong in-
frared pulses to study the propagation properties of the mode-locked
pulses in several self focusing materials. The frequency modulated
spectra of the filaments in several materials are presented in the next
chapter, and their interpretation in terms of existing phase modulation
theories is examined. The results of the propagation and frequency mod-
ulation experiments are then combined, and their interpretation in terms
of the self trapping and moving focal point models is examined. The
inadequacies of both theories in explaining all of the results are pointed
out, and some possible alternative explanations are proposed.
4.2 Theory of Self Focusing
In this section, the theory describing self focusing effect is
summarized briefly. Considerable work has been done on this topic
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and more detailed discussions of the properties of the solutions,
especially the numerical computations, can be found in the references '
The general equations describing the propagations of a light beam in a
nonlinear material are presented first. Approximate equations are then
derived for steady state, quasi steady state and transient time responses.
All solutions will be obtained assuming a Kerr type nonlinearity in which
nonlinear index depends on the square of the electric field. This response
is dominant in a large case of liquids and solids which exhibit self
focusing with Q-switched and mode-locked lasers. The nature of each
type of response is investigated and the general properties of the
solutions are discussed.
4. 2. 1 The General Equations
The starting point of the theory is Maxwell's Equation
> (i)
c at c at
where the nonlinear polarization p (t, I <f I ) arises from a third order
susceptibility. If we consider only the real part of the third order
susceptibility, we may write a general time response as
PNL(t) ^ X ^ ^ 2 ) £(t) (2 )
The exact form of X ( \S f) depends on the material response as will be
discussed later. Assuming solutions of the form
< ? ( r , t , z ) = E ' ( r , t . z ) e j ( W L t"kLZ) (3)
and combining equations ( 1 , 2 and 3), we obtain:
2
2 a p i J T e n f t F ' n T 3 2
V E
' - ^  - -
 +
 - *
3 ( E < 2 ) E- = 0 (4)
c c
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where the second time derivative of the field amplitude has been neglected.
Assuming an amplitude dependence of the form
E ' ( r , z , t ) = E ( r , z , t )
Equation (4) can be written as
u,L
2
x
3( |E|2)E+V2E (5a)
(5b)
where the real and imaginary parts of equation (4) have been separated.
The nonlinear susceptibility X ( J E I ) may be represented as a
differential operator describing the response of the system to the
electric field as
L(t) X 3 ( |E | 2 ) = X2E2(t) (6)
where X? is a material parameter. Some of the more important
mechanisms which determine the form of L(t) will now be discussed.
4. 2. 2 The Nonlinear Index
In the steady state, the nonlinear polarization may be written as
Pnl (cu) = X3(-u,w, -^,^) E M E* (w) E(w) (7)
3
If X is real, the induced polarization is in phase with the driving
electric field and the beam experiences the nonlinear index change
6nnl =n 2 | E | 2 (8)
where n2 = 4jr X .
There are many sources of the nonlinear index in various materials
which may be distinguished experimentally by their response times. In
absorbing materials thermal self focusing is important and the
IV-8
refractive index has the form
where the change in temperature depends on the energy deposited in the
medium
6T~ / f c | E|2 (f) dt' (10)
— oo
The time constant for thermal self focusing is the time required for
thermal dif fusion across the beam diameter. Initially for input beams
of 1 mm diameter, this time is typically of the order of 10 sec, while
.9
for a collapsed beam of 6(j. diameter, the time reduces to about 10 sec.
Because of its relatively long time constant, thermal focusing would not
be expected to play a large role in the initial self focusing of Q- switched
or mode-locked lasers unless it is the only nonlinearity present.
However, it may be important in the limiting behavior of the self
focusing of Q- switched pulses in appropriate materials when the beam
diameter has shrunk to a few microns.
Electrostriction gives rise to a density dependent term in the non-
linear index
where £ p is determined by the acoustic wave equation
V 2 E 2 ) (12)
u dt u u
where u is the velocity of sound.
The response time appropriate for focusing by electrostriction is
determined by the time required for a sound wave to cross the beam.
For most materials these times are equivalent to the thermal relaxation
time. Thus, electrostriction is again not expected to play an important
role in the focusing of Q- switched and mode-locked pulses unless it is
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the dominant nonlinearity. In liquids which exhibit a strong Kerr
effect , due to molecular motion, it is expected that the electrostrictive
effect will play a minor role. However, in solids where molecular
motions are largely inhibited, electrostriction may be important in the
self focusing of Q-switched pulses. It is expected that electrostriction
will not be important in the self focusing of isolated picosecond pulses
which have durations of . 001 of the electrostrictive relaxation time.
It is possible, however, that the electrostrictive or thermal
effects may become important through a cumulative affect which can
build up across a mode-locked pulse train which lasts up to 1 micro-
second. Cumulative thermal effects have been discussed in relation to
Stimulated Raman and Rayleigh scattering by other authors, but no
evidence has been established that either of these effects become impor-
tant in self focusing. The orientational Kerr effect is important in self
focusing studies in a large class of liquids. In materials containing
molecules with an anisotropic polarizability, the molecules tend to
orient along an applied electric field. In the case where there is no
permanent dipole moment, the orienting force depends on the square of
the electric field, giving rise to an optical Kerr effect in which the
molecules align along the direction of polarization of the optical field
If we consider a molecule with axial symmetry and with polariz-
abilities cu and a, , along directions perpendicular and parallel to the
symmetry axis, then the energy of a molecule in an electric field
making an angle Q with the symmetry axis is given by
U (8) = - [ ( a n - a±) E2 cos2e + aiE2] (13)
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The polarization of the molecule induced along the direction of the ap-
plied field is given by
P = ( a n - a_,_) cos2a E +
 a E (14)
The total induced polarization along the field is obtained by assuming a
Maxwellian distribution of molecules with the energy dependence of
equation (13). Thus the total polarization along the applied field is
exp ( -U(9) /kT)dn
 n ,.
"V / exp(-U(8))dr2
where — is the number density of the molecules.
The integral may be evaluated to terms of order E giving the result
for the field dependent term 2 2
4 ( ^ - 0 ^ ) |E|
 {1
45 kT V
and, ignoring local field corrections, an approximate change in re-
fractive index along the direction of the applied field
a a 2
A similar analysis gives the refractive index change perpendicular to
the applied field 2
all ~ al ^ I Fl2
taking into account the two possible perpendicular directions.
The Kerr Effect gives rise to a birefringence which is not present
in the thermal or electrostrictive self focusing. From equations
(17) and (18) we find that
6
 V 6 ni = 9
This effect provides a convenient method of detecting the self focusing
process which will be described later.
The orientational fluctuations in these liquids give rise to the
wings of spontaneous Rayleigh Scattering Spectrum . The spontaneous
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scattering spectrum of these materials has a Lorentzian line shape in
the wings, indicating an exponential time dependence of the molecular
fluctuations. Consequently, the refractive index is described by the
collision equation
T^n + 6n = n2E (20)
Typical relaxation times for the more common liquids range between
1 and 100 psec. Unlike the two mechanisms described previously, the
time constant of the Kerr effect is independent of beam diameter.
Another important nonlinearity is caused by the hyperpolariz-
ability of the molecules, which gives rise to a distortion of the
electronic cloud, resulting in the electronic Kerr effect. In this case,
27
the energy is related to the fourth power of the field
u = 7 4 v i j k l E i E j E k E l < 2 1 >
This mechanism has been proposed as being responsible for the self
21 24focusing of mode-locked pulses in solids and liquids both with
symmetric and asymmetric molecules. An analysis of the polarization
in the presence of an electric field gives the following results for the
nonlinear index changes
T TT I E I 2 = -
6n ,, - 5n. = -x- J E ) 2 (24)
'X 3 V1i
where y - y. . . . and N/v is the number density of the molecules.
Although equations (22-24) have been evaluated for molecules with
spherical symmetry, the birefringence relation 6 n n = 3 f > n . is valid
for uniaxial molecules as well. Because the major axis of the
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induced dipole always lines up along the applied field, there is no
temperature dependence to the nonlinear index. Since this interaction
arises through a non resonant interaction between the optical field and
the electron cloud, the response time is about 10 sec and the inter-
action is in the steady state even in the case of mode-locked pulses.
For other material systems, other interactions may be important.
28
Molecular clustering or redistribution, in which dipoles induced on
neighboring molecules give rise to an attractive force which changes the
spatial distribution of the molecules, giving rise to an anisotropic
polarizability has been proposed as being responsible for the self focusing
effects in CCl . Molecular distortions resulting from collisions have
been used to explain the spontaneous Rayleigh spectrum of many molec-
2q
ular gases and liquids . Such effects may also contribute to the non-
linear index seen in these materials. The nonlinear index observed in
compressed gases may arise from a quadratic Stark effect which gives
rise to Rayleigh scattering in gases in a manner similar to that of the
quadratic Ker r effect in molecular liquids.
4. 3 Spatial Characteristics of Self Focusing
Equations (5) and (6) describe the propagation of an intense beam of
light in a material with an intensity dependent refractive index. An ac-
curate description of the propagation properties requires numerical
solution of the propagation equations. Computer solutions of equation
(5) and (6) have been reported in references 6 and 13 under a variety of
conditions. In the absence of complete numerical solutions, it is possible
to derive some of the more striking properties of the self
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focusing process using approximate analytical techniques.
4. 3. 1 The Steady State Limit
The nature of the solutions of the self focusing equations will now
be discussed in the steady state limit. Under these conditions, the time
derivatives in equation (5) can be set equal to zero, and, assuming
cylindrical symmetry, the following equations result :
,25,
"o dr
2 AF1
EV t> + 2 ft74) • ( VE) - 2 k •£= = 0 (26)
Li Oz
If the initial curvature of the beam is assumed to be small, equation
(25) gives
 e
0^-27- |E | 2 z (27)
o
The transverse variation may now be introduced through the intensity
dependence of 0 as
€2k 2j- - |E(r .z ) |
 z (28)
"
If an intensity profile of the form
E2 = EQ2 ( l - r 2 / a 2 ) (29)
where a is the radiui of the beam is assumed, equation (26) becomes
s E
0 -Ej " O / o f\\
If the self focusing length z is taken as the distance at which the change
in E is comparable to E,
E
Z <7^ f
with the resul t :
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Equation (31) is valid if the input beam is perfectly collimated and
indicates that the focusing length is positive for any value of input power.
In the presence of linear d i f f rac t ion , self focusing will occur when the
focusing strength of the nonlinear index overcomes the tendency of the
beam to spread through diffract ion. A threshold power for the beam can
be defined as that power at which the self focus ing and diffract ion
tendencies exactly compensate for each other. This critical power may
be estimated by setting the self focusing length z in equation (31 ) equal
to the diffract ion length of the beam. There is considerable latitude
possible in choosing a diffract ion length depending on the exact cross
section of the beam. For a beam with a gaussian cross section of the
2 . 2
_ j- / £
form E = E e the diffraction distance is given by
o 7
na^n
zd = IT2- < 3 2 )
Equation (31) may be written in terms of the power in the beam
P = rra — 5 - leading to the result
T
P = X °7 (33)c r £•I6rr n?
This expression differs from that obtained by Kelley by the factor
16
 = 1.09
(1.22)2 n 2
The slight difference is entirely attributable to the choice of diffract ion
length for the beam input. Kelley assumed a plane wave cross section
with a d i f f rac t ion length of
4a2
( 1 . 2 2 X )
This result is 1/4 of the threshold power predicted by Chiao et al
on the basis of a plane wave propagating in an optical wave guide and
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confined by total internal reflection at the guide boundaries. Other
estimates of the threshold power which are in essential agreement with
these two results can be found in the numerical calculations of Dawes and
13Marburger
Equation (33) indicates that the threshold power increases with the
square of the wavelength and is independent of the radius of the beam.
Consequently, a beam which contains exactly the critical power will
propagate at a constant but unspecified diameter. However, if the
power exceeds P , the focusing action of the beam will not be compensa-
ted for by diffraction at any diameter and the beam will collapse to a
point or until some other limiting nonlinearity becomes significant.
This point is discussed more quantitatively in references 6 and 13.
The existence of diffraction may be accounted for in the self
focusing distance of equation (31) by replacing E by E - E
[see reference 6] giving the result
Ecr) (34)
Equation (25) and (26) were solved numerically by Kelley in
reference 6. The computer solutions presented there agree quite well
with the approximate results described above assuming the form of
equation (34) for the self focusing length. The intensity on the axis of
the beam was found to obey the general relation
I z *
T = fT2"2!* (35)o (z - z )
o
where z is the self focusing length of equation (34). The singular
behavior of the beam intensity at the self focusing distance is the re-
sult of the assumption that the nonlinearity has only a quadratic term
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in the field. Other forms of the nonlinearity such as an integral
representation which occurs in a transient analysis or higher order
terms which result in saturation of the nonlinear index or nonlinear
absorption can produce a limiting diameter in the theoretical solutions.
4. 3. 2 The Quasi Steady State Approximation
If the condition of steady state amplitudes is relaxed, then two
regimes may be identified. The f i rs t is a quasi steady state regime in
which the time variation of the field amplitudes is slow compared to the
response time of the nonlinear index. This situation arises in practice
for example when a single longitudinal mode Q- switched laser beam
(t ~ 20 nsec) self focuses in a material with an orientational Kerr effect
with typical relaxation times between 1 and 100 psec.
If the second time derivatives, and products of derivatives are
dropped, equations (5a) and (5b) become
E(V0)2 - 2 k E < + ) = - ~ + V E (36a,
) = 0 (36b)
3 2The steady state form of X ( | E | ) has been retained. The form of
equation (36a) and (36b) becomes identical to that of equation (26) if the
substitution t' = t + ? €/c is made. Thus, the preceding analysis for the
self focusing length is valid and the self focusing length of equation (34)
becomes time dependent:
(n In )*
Z f ( t ' ^ 2 a ( E ( f - Z / c ) - E c r )
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This result gives rise to the U-shaped curve describing the motion
14. 15
of focal points in the forward and backward direction.
Figure 4 - l a shows the U-shaped curve, which is a plot of
equation (20) for a gaussian shaped pulse shown at the bottom. The
distance of propagation in the cell is plotted in the vertical direction and
time on the horizontal axis. The light propagates through the cell along
the straight lines z = ct as indicated and foci are formed by the various
parts of the pulse as each ray intersects the U-shaped curve. The
regions of forward and backward moving foci are indicated on the curve.
Figure 4 - I b shows the U-shaped curve appropriate for a pulse with a
1 psec duration, which indicates that the region of backward moving
foci extends over only a few millimeters in the cell.
The cross section of the beam at positions A, B and C in Figure
4-1 are indicated schematically in the absence of relaxation in Figure
4-2. The first picture shows the beam at the time of formation of the
f i r s t focal point. Two focal points branch out from this point moving in
opposite directions. Eventually the backward moving focus reaches the
peak of the pulse, the condition shown in the next picture. At this time,
the rear focus is at its closest position to the entrance window of the
cell. Af t e r this time, the rear focus continues to move backward
relative to the pulse, but moves forward in the cell, as shown in the
next f igure. Experiments have been reported which confirm the pre-
dictions of this theory in the region of quasi steady state response of
the dielectric nonlineari ty.
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4 3. 3 Transient Self Focusing
When the duration of the laser pulse becomes comparable to the
relaxation time of the dielectric nonlinearity, the complete set of
equations (5) and (6) must be solved numerically.
The qualitative features of this situation were examined by
several authors . In these discussions it was found that the leading edge
of the pulse was not involved in the self focusing process, since it prop-
agated through the material before the nonlinearity could respond. A
later section of the pulse was found to focus, and the minimum diameter
of the beam was limited by transient nature of the response. The pos-
sibility of a "blow-up" or disappearance of the "filament" or self focused
portion of the pulse because of a group velocity mismatch caused by the
nonlinear index was proposed by Akhmanov et al
Fleck and Kelley attempted a numerical integration of the com-
plete set of equations (5) and (6) assuming an orientational nonlinearity
given by
9X
T |S+ X = X2|Er (38)
Their results indicated that the beam focused more gradually in the
transient case than in the steady state regime. The on-axis intensity
of the beam increased exponentially as the focus was approached, rather
than exhibiting the singular behavior of equation (35).
Recent ly , Shimizu has numerically integrated equations of the
form (5a) and (5b) using the orientational Kerr response of equation
(38). His solutions indicate that the leading edge of the pulse does not
experience any self focusing action. A fraction of the pulse after the
peak is focused to a diameter of a few microns. The transient response
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provides an effective saturation of the nonlinear index for the tail of the
pulse so that a limiting diameter is reached as shown in Figure 4-3a.
In this case, the fraction of the pulse -which is focused remains con-
fined at a constant diameter for many centimeters in the cell and re-
mains essentially constant in duration over this distance.
4. 3. 4 Comparison of Transient Focusing and the Moving Focal Point
Models
This model of transient self focusing has some of the character-
istics of each of the steady state models of moving focal points and self
trapping. In Figure 4-4a the U-shaped curve of Figure 4-1 for a steady
state response is repeated (dotted curve). The solid curve represents
a qualitative estimate of the changes which are expected when the relax-
action time becomes comparable to the pulse duration. The slope of the
forward moving branch decreases since the velocity of the focal point
approaches the speed of light more rapidly. The bottom of the curve is
flattened out since the tendency of the focal point to move forward in the
region is counteracted by a tendency to move backward because of the in-
tegrated time response of the nonlinearity. The amount and extent of the
flattening depends on the exact pulse shape, duration and response of the
nonlinearity. However, for an extreme transient response, it should be
expected that the second branch of the curve would not turn around until
well into the tail of the pulse. This qualitative analysis was done by
assuming a transition from a steady state to a transient with only a
quantitative change in the position of the focal points and no qualitative
change in their characteristics. From the numerical solutions of the
transient equations we find that the forward moving branch disappears
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a.
Figure 4-4. Qualitative modifications of U-shaped curve taking into
account transient response of dielectric.
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31
and that each focal point is no longer a point but is spread out a little
Thus, a focusing curve similar to that shown in Figure 4-4b results ,
in which only a part of the pulse after the peak participates in the
focusing process.
This picture differs qualitatively from that which exists in the
steady state in that the "focal point" remains in the same part of the
pulse as it propagates through the cell, while in the steady state, the
fccal points actually move through the pulse as it propagates. There is
also a strong resemblance to the situation which developes in the trap-
ping theory in that a part of the pulse propagates with a constant di-
ameter and shape for several centimeters in the cell. It is this char-
acteristic of the transient response which makes the spectral broadening
calculations done using the trapping theory which will be discussed later
applicable to the present experiments. It must be emphasized that this
resemblance to the trapping theory is a result of the transient response
of the nonlinearity and in no way results from the considerations of
steady state self trapping.
The on axis intensity of the pulse before and after focusing has the
general form shown in Figure 4-3b. The trailing edge of the pulse is in
general steeper than the leading edge and the effective duration of the
on-axis intensity is less than the duration of the entire pulse. These re-
sults essentially confirm the qualitative predictions of reference 24.
Similar limiting behavior of the self focusing process has been predicted
32 33for transient thermal self focusing
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Summary
The theory of self focusing is able to predict fair ly accurately the
self focusing length and power threshold. However , in the steady state
situation, computer solutions have not been extended through the focus
to predict propagation properties after the beam has collapsed except in
the special case of index saturation. In this case solutions indicate that
thereis a region of constant diameter after the focus, which might be
identified with the existence of a trapped filament. The calculation of
the self focusing length has been used successfully to describe the
filamentary streaks in terms of moving focal points in the nanosecond
time regime. Finally, recent calculations have indicated that in the
picosecond time regime, when the duration of the pulse is comparable
to or less than the relaxation time of the refractive index, the pulse
shape stabilizes to a constant form and propagates as if it were con-
fined in a wave guide channel.
4. 4 Experiments in Self Focusing; Propagation Properties
In this section the results of several experiments are described
which were done to study the propagation properties of picosecond
pulses from a Nd : glass mode locked laser in self focusing materials.
In these experiments. Stimulated Raman and Brillouin scattering are
34 35
suppressed because of the extremely short duration of the pulses
and the dominant nonlinearity is the intensity dependent refractive index.
Consequently, we were able to study self focusing without the com-
plications which are introduced by competing nonlinear processes.
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4. 4. 1 Near Field Patterns
Self focusing is most easily detected by observing the near field
pattern of the beam emerging from a cell containing the nonlinear
material as shown in Figure 4-5a. Figure 4-5b which was taken at the
end of a 6 cm cell of cs., at a magnification of lOx shows a typical re-
sult of this measurement. The beam entering the cell has a uniform
1 cm diameter cross section with approximately 2 GW in each pulse
of the pulse train. The beam emerging from the cell, (Figure 4-5b) has
broken up into many hundreds of small filamentary regions ranging in
diameter from l O j j t o 30(j. The resolution limit of this measurement
was 10u, so that this result is in reasonable agreement with reported
values of the diameters which range between 4 and 6jj ' . This
procedure provides a convenient method for detecting the presence of
self focusing. Using it, we have observed self focusing in liquids with
a large orientational Kerr effect (CS.,, nitrobenzene, toluene and
benzene), in liquids with symmetric molecules (CC1.) and compressed
gases ( C O p . N ). The last materials were studied using a mode-locked
ruby laser. However, the information which can be obtained from this
method is limited because it gives information about the diameter of the
beam only after it has propagated a fixed distance in the cell and it
integrates the measurement across the entire laser pulse. This fact
has led to confusion in the nanosecond regime, where similar results
were interpreted in terms of self trapping. The more accurate theory
of moving focal points was established only with the performance of more
careful experiments which were able to resolve the focusing process in
time within the cell.
IV-28
CAMERA
(I0x Mag)
MODE
LOCKED
LASER
CELL IMAGING
LENS
INFRA
RED
TRANSMITTING
FILTER
1 mm
Figure 4-5. Measurement of near field pattern of self-focusing
beam in
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4. 4. 2a Propagation Measurements with a Collimated Beam
In order to obtain more detailed information about the self focusing
process with mode-locked pulses, the experiment shown in Figure 4-6
was performed. Here, the self focusing beam is probed from the side
with a weaker beam so that the changes in its diameter may be studied
in a non destructive manner as it propagates through the cell. The pulses
from the mode-locked laser are passed through a KDP second harmonic
(SH) crystal which converts about 20% of the infrared energy to 5600 A.
The two beams are then separated with a prism. The infrared beam is
deflected with a second prism, its polarization is rotated through 90°
to the vertical and it is propagated through a cell containing the non-
linear liquid. The SH beam is propagated through a pulse sector and
then through an adjustable path delay to mirror Ml. The mirrors were
adjusted so that at Ml, the SH beam traveled perpendicular to the infra-
red beam. The single pulse was then passed through a fine adjustable
delay and then through a series of parallel beam splitters. The beams
reflected from the beam splitters crossed the infrared beam at 1 cm
intervals in the cell at right angles to its propagation direction. The
angle between the infrared and SH beams is adjusted at Ml so that the
delay between successive probing beams in the cell allows each probing
beam to overlap in time and space with the infrared beam in the cell.
Self focusing is detected by observing the birefringence created in the
cell by the infrared beam. Crossed polarizers (Polaroid type HN-32)
are placed in the path of the probing beams on either side of the cell.
The SH light transmitted through the crossed polarizers is photographed
IV-30
Oq
C
cr
X
XJ
It
3
i—f-
pi
o
o
3
TO
C
c
3
o
cr
3
TC
C
n
3
7Q
,r.
3
rn
cn
c
cr CO CO
crfl CO
IV-31
with the forward camera. In addition to imaging this camera on the end
of the cell as was done before, it was also imaged on arbitrary planes
within the cell.
In this arrangement, the entire infrared pulse train is propagated
through the cell. However, only one probing pulse is used, and because
the infrared pulses are spaced by lOnsec, the self focusing of a single
pulse from the infrared train is observed in the birefringence measure-
ments. This technique is an extension of that used by Shimiz u and
37Stoicheff to study self focusing in CS?
Figure 4-7 shows a typical result of this experiment, which was
obtained for self focusing in CS? in the section of the cell between 1 and
5 cm from the entrance window. The bright area in the center of each
probe beam indicates the region of overlap of the two beams. The
probing beams covered completely the area between the overlap, but
the leakage through the crossed polarizers was too weak to detect. The
vertical dimension of the birefringence signal provides a measure of
the local diameter of the beam while the horizontal dimension provides
a time measurement of the birefringence. The intensity of the trans-
mitted green light provides an estimate of the maximum index change
in the filamentary regions.
4. 4. 2b Propagation Properties
The cross section of an initially collimated infrared beam was
studied in successive 5 cm sections of a 20 cm cell of CS_ and these
results are shown in Figure 4-8. The figure shows typical beam pro-
files in sections of the cell between 1 and 4. 5 cm (part a), 4. 5 and 8. 0
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cm in the cell. In this region, and in part c, between 8 and 11. 5, the
beam propagates essentially without change. The diameter of the
streaks in this region is again 25)j and their relative spatial distribu-
tion remains unchanged over about 9 cm. In the region between 11. 5
and 15 cm (part d), the filaments begin to diverge and some even dis-
appear. In the last row, between 15 and 18. 5 cm, all the small scale
structure in the beam has disappeared, leaving only some coarse struc-
ture several hundred microns in diameter. This last effect is seen more
vividly from Figure 4-9. This picture is essentially identical in nature
to the ones just considered. Here a simultaneous measurement of the
beam profile in sections of the cell between 1 and 5 cm (a) and between
15 and 18 cm (b) was made using two sets of beam splitters. Again,
the small scale filaments are prominent early in the cell, but have
largely disappeared by the time the beam reaches the end of the cell.
It is interesting to compare these results with those taken with
the forward camera through the end window of the cell. Figure 4-10
shows such a measurement for two separate cases. In part a, the end
camera is focused on the end window of a 10 cm cell ( i ) , on a plane
5 cm from the entrance window of the cell ( i i) , and on a plane 1 cm from
the entrance window (iii). Here small scale filaments can be observed
just as in pictures obtained by imaging the end window of the cell.
The poor quality of the beam background is due primarily to structure
introduced into the beam by the turning mirrors.
In part b near field patterns are presented for the case where the
camera was focused on a plane 7 cm (i) and 15 cm (ii) from the entrance
window of the 20 cm cell. In these last two measurements, a different
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Figure 4-10. Near field patterns of self-focused beam obtained by
imaging camera on planes inside cell.
b.
L I
IV-37
input power was used than in the previous ones. In both cases, the data
from the forward camera agrees very well with the prediction of the
presence or absence of filaments determined from the birefringence
measurements. The existence of sharply defined spots in these photo-
graphs indicate that the light diverges as if from a point source located
at the image plane. This suggests that the filaments are continually
radiating light at a large angle as they propagate through the cell. The
alternative explanation of the filaments blowing up at each imaging plane
of the camera is eliminated by the information obtained from the side
pictures that the filaments propagate through the planes in which they were
observed with the forward camera. If the filaments propagated to the
end of the cell -without radiating any energy, they would appear as
out of focus blurred spots when the camera is focused on any plane other
than the exit window of the cell. This result is totally incompatible with
the concept of a perfectly trapped filament. It may be explained,
however, by the theory of moving focal points or by the presence of
scattering which causes the light to leak out through the sides of the
wave guide. This point will be discussed further after the results of
frequency broadening experiments are presented.
4. 4. 2c Filament Diameters
In principle, the filament diameter may be determined from the
width of the structure in the birefringence measurements of Figure 4-8.
The minimum diameter obtained in this manner is about 25 \^, which was
the limiting resolution of the detection optics, determined chiefly by
the polaroid type 47 film (resolut ion =•= 20 line pairs/mm). An attempt
IV-38
to improve this measurement was made by using Kodak 103a-J
spectroscopic plates (resolution = 160 Ip/mm). The decreased
sensitivity of the plates required that the 6% beam splitters be replaced
by a 30% beam splitter. The results of this measurement is shown in
Figure 4-11. Here the minimum diameter observed was 10 ^, limited
this time primarily by the sheet polarizer in front of the cell. These
results are again consistent with the minimum diameter of 4-6 y,
12 21
which have been reported elsewhere, and also with the minimum
diameters determined from the photographs at the exit window of the
cell.
4. 4. 2d Duration of Filaments
The duration of the light in the filament can be determined from
the length of the streaks in the birefringence data. In a measurement
of this type, the length of the streak is determined by a combination of
the duration of the probing pulse, the duration of the infrared pulse in
the high intensity region, the relaxation time of the dielectric non-
linearity, and the propagation time of the SH pulses across the
infrared beam. In the experiments done here, the contribution of the
last effect is negligible compared to the other effects because the
propagation time of the SH pulse across a 6[j diameter filament is only
. 05 psec. This effect has, however, limited the resolution of other
38
work involving measurements of this type. Consequently, the length
of the streaks is determined by the convolution of the duration of the two
pulses and by the relaxation time of the nonlinearity. The streaks in
Figure 4-8 last for about 25 psec. This time is consistent with TPF
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measurements indicating a duration of approximately 5 psec for both the
infrared and SH pulse because reflections occur from both the front and
back of the beam splitter, spaced by about 10 psec. An improved
method of measurement is shown in Figure 4- 12 where the probing
pulses are compressed to a duration between 0. 5 and 1 psec using a
grating pair. In this case, a single pulse was used in the infrared beam
as well as in the probing beams. Using the arrangement of Figure
4-12 the results of a Figure 4-13 were obtained from a self focused
beam in CS? in the region between 1 and 5 cm from the entrance window
of the cell. The reflections from the front and back of the beam splitter
are clearly resolved in the first two beams with the length of the separ-
ated streaks equal to about 4 psec. An accurate determination of the
duration of the infrared light in the self focused region requires
knowledge of the relaxation time of the nonlinearity as well. In the next
section, we will show that the effective duration of the infrared pulse in
the filament is about 1 psec which is considerably shorter than the
5 psec duration of the pulse which entered the cell.
4. 4. 2e Relaxation Time of Optically Induced Anisotropy
In order to determine the nature of the nonlinearities which con-
tribute to the self focusing process, the optically induced birefringence
was studied in several materials. The experimental arrangement of
Figure 4-14 was used to study the optically induced birefringence in
nitrobenzene, CS£, benzene, toluene and CC1 This arrangement is
basically similar to that of Figure 4-12 except that the multiple beam
splitters were replaced by a single beam splitter 14 mm thick.
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The reflection from the back surface of this beam splitter was delayed
in the cell by about 90 psec relative to the infrared pulse, and is dis-
placed spatially from the front reflection so that the birefr ingence could
be observed with only one reflection. No birefringence was observed
from the second reflection, indicating that in all of the materi; Is which
were studied the refractive index had completely relaxed by 90 psec
after the infrared pulse. The duration of the compressed SH pulse is
monitored after the beam splitter with the TPF measurement technique
using a solution of naphthylamine in benzene.
A typical birefringence trace obtained in nitrobenzene is shown in
Figure 4-15a, where filamentary structure can be seen to extend over
about 50 psec. Figure 4-15b shows a microdensitometer trace of a
typical birefringence streak in nitrobenzene taken with Kodak 2485 high
speed recording film. The birefringence present in the early part of
the trace is a complicated function of the infrared and probing pulse
intensities and of the relaxation time. However, at times large com-
pared to the duration of the infrared pulse, the temporal behavior of
the birefringence will depend only on the relaxation time of the non-
linearity. At these times, the duration of the probing pulse fixed the
resolution of the measurement between . 5 and 1. 0 psec. Figure 4-15b
indicates that at times after the peak of the infrared pulse, the
birefringence signal delays exponentially with a time constant of about
1 1 - 1 psec. Using the relation between the SH intensity and the
birefringence (see section 4. 3. 2f)
X. , trans. •& , ~~.6V 6ni Wd (T—} (39)
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where d is the diameter of the filament, I the intensity of the11* 3. n s
transmitted green light and I. the intensity of the green light which
enters the cell, we conclude that the refractive index in nitrobenzene
decays exponentially with a time constant of 22 - 2 psec. The measured
relaxation time agrees qualitatively with the inverse linewidth of the far
Rayleigh Wing (about 50 psec) as determined from spontaneous scatter-
26ing experiments and is in reasonably good quantitative agreement with
39
the value reported by Duguay and Hansen from measurements done
with an optical Kerr cell (about 32 psec). Since the far Rayleigh Wing
spectrum has been interpreted in terms of orientational fluctuations,
these results indicate that the orientational Kerr effect plays a domin-
ant role in the self focusing process in nitrobenzene after the peak of
the pulse. This does not rule out the existence of a faster responding
electronic mechanism in the leading edge of the infrared pulse, which
is unresolved in the present measurement, but the absence of large
discontinuities in the slope of the microdensitometer trace indicates
that the molecular orientational effect is dominant after about the
middle of the pulse. Similar results are shown in Figure 4-16a and b
for toluene. The filamentary streaks in Figure 4-l6a are observable
over about 20 psec and the relaxation time determined from the smoothed
microdensitometer trace shown in Figure 4-l6b is 14 - 2 psec, again
in moderate agreement with published relaxation times for the
orientational Kerr effect
The birefringence data obtained in CS2 and benzene are shown in
Figure 4-l6c and d. In each case, a single filament is observed which
lasts for about 3. 5-4 psec. This duration is consistent with the
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orientational relaxation times of these materials (about 2. 5 psec) if the
effective duration of the pulse contained in the high index region is
about 1 psec. It is expected that both of these materials will exhibit an
orientational Kerr effect since their relaxation times are much smaller
than those of nitrobenzene and toluene. These results then are consistent
with the partial confinement of the infrared pulse in the self focused re-
gion as was discussed earlier in the section on transient self focusing.
A duration of 1 psec for the confined pulse is also in agreement with the
average spacing of the interference peaks of the phase modulated spectra
observed in these materials which will be discussed in the next chapter.
The full implications of these results will be explored after the filament
spectra have been discussed.
Optically induced anisotropy was also observed in CC1 , and these
results are shown in Figure 4-17. The small amount of induced ani-
sotropy resulted in the intensity of the SH light which was transmitted
through the self focused region being equivalent to the background in-
tensity which leaked through the polarizers. The self focused region is
visible as light streaks in a dark background in the middle of the SH
probing beam. The existence of the dark backgrouns is probably caused
by some amount of strain birefringence present in the plastic laminate
of the polarizers which is compensated for by the weak edges of the
infrared pulse, causing the transmitted intensity to decrease in this region.
An accurate determination of the relaxation time of the nonlinearity
in CC1. is difficult because of the presence of the background light.
However, the streaks are visible for about 10 psec which is much
longer than the system limit indicated by the measurements in CS?.
IV-49
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Figure 4-17. Photograph of birefringence in CO...
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Consequently, we conclude that the nonlinearity in CCl. arises from a
relatively long lived molecular interaction, rather than a faster
electronic one as has been suggested elsewhere. A mechanism such
as molecular clustering has been proposed to explain the self focusing
2g
effect in CCl. by Hellwarth . Another molecular interaction, collision
induced mechanical distortion, has been proposed as a mechanism
responsible for the far Rayleigh Wing of the spontaneous spectrum of
a large number of materials including CCl , and may also contribute to
2Q
the self focusing process
4. 4. 2f Refractive Index Change
The experimental technique of Figure 4-12 provides two separate
methods of estimating the maximum value of the change in refractive
index -which occurs in the filament. The first is to compare the position
of the birefringence stripes in successive probe beams to determine the
group velocity of the light in the filament relative to the light in the bulk
liquid. The results for CS? indicate no detectable difference in group
velocity between high index region and the bulk fluid. Consequently,
we conclude from this that the change in group velocity is less than
the experimental accuracy involved in timing the successive probing
beams, estimated to be less than 5 parts in 10 . For comparison,
Figure 4-18 shows the birefringence trace taken in benzene (refractive
index = 1.5) with the probing beams timed to match the propagation
velocity of the light in CS., (refractive index = 1. 6). In this situation,
there is an effective difference in refractive index of . 1 between the
light in the filament and that expected by the probing beams. The
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coincidence position of the beams very clearly changes from one probe
beam to the next. This result again indicates that the maximum
refractive index change in the filament is small compared to . 1.
A more accurate method of determining ^n is to measure the
amount of polarization retardation which the SH beam experiences in
passing through the filament. An experimental arrangement to do this
is shown in Figure 4-19. Here, the set up is the same as in 4-12,
except for the beam splitter-mirror combination. Only the part of
Figure 4-1 2 which is in the dotted square is drawn in Figure 4-19,
showing the necessary changes. Only the last beam splitter is used in
the measurement and a mirror is added after the beam splitter to
provide a reference beam. A step filter is placed in the reference beam
to provide a calibration of the film. The results are shown in Figure
4-20. The relation between the light transmitted through the filamentary
region and the background light which leaks through the polarizers can
easily be shown to be
I . . T
 ? ,
signal
 = _p gin^ [ n ( 6 n _ Bn^d/Xj+cos [nUnn-mJd/x] (40)
background
where T is the transmission factor of a single polarizer, R is the
extinction ratio of a single polarizer and d is the diameter of
the filament.
Assuming that the phase retardation is small, the birefringence is
given by / I
 7R
A . ^ / . S - . £.±\ / < i \
^ r^TfdVT- - 1 } T- (41)b p
Using the results of Figure 4-20 and the measured characteristics of
the polarizers, the birefringence is determined to be
Sn,, - 6n^= 3. 3 x 10" (42)
a ssuming a filament diameter of 6)j..
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Figure 4-19. Experimental arrangement used to measure the
magnitude of 6n in the filamentary region.
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The magnitude of the refractive index change 6 nu can be
calculated if the nonlinear mechanism is known so that finn may be
related to fin.. For the case of molecular orientation
fin,, = - 2 fin^ (43)
and
fin,, = - - ^ ( f i n,, - fin.) (44)
giving the result that
fin,, = 2. 1 x 10" (45)
which is consistent with the upper limit obtained by the estimate of
the change of the group velocity and is also in good agreement with the
result obtained by Shimizu and Stoicheff
The value of fin given in equation 42 is far from the saturated
value of 0. 5 in CS?. Thus, we conclude that the nonlinear index is far
from saturation even in the most intense portions of the beam. Con-
13
sequently, saturation effects, which have been used theoretically
to stabilize the beam diameter cannot play an important role in the
self focusing experiments done here.
4. 4. 2g Self Focusing in Externally Focused Beams
The self focusing in various materials was also studied for the
case where the beam is focused by an external lens before entering
the cell. Self focusing in CS? was studied with focusing lenses of
20,40 and 100 cm focal length lenses. Typical results are shown in
Figure 4-21. The pictures are taken between . 5 and 4 cm in the cell.
The center of the geometrical focal region is at the location of the
third probing beam, or at about 2. 5 cm from the entrance window.
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Similar results for benzene are shown in Figure 4-22. Here the beam
was focused with a 20 cm lens with the geometrical focus occurring at
the position of the second beam.
These results indicate that certain characteristics of self focusing
in collimated beams are accentuated in focused beams. In CS? with
a relatively low self focusing threshold, focusing with a lens less
than about 80 cm produces filaments within about 0. 5 cm of the entrance
window, as opposed to the 1. 5 to 2 cm required for the appearance of
filaments with a collimated beam. The filaments obviously can appear
before the geometrical focus of the beam is reached. The filaments
also extend several centimeters beyond the geometrical focus of the
lens before disappearing. The distance over which the filaments are
observed decreases considerably as the beam is focused more tightly.
From Figure 4-21, it can be seen that the filaments in CS-, disappear
in only 2 or 3 cm after the geometrical focus when the beam is focused
with the shorter focal length lenses. For longer focal length lenses,
the behavior of the beam is essentially equivalent to the results for
collimated beams. This is to be expected since with the parameters
of the present beam, the depth of the focal volume produced by a
1 m lens was measured to be about 15 cm. This same behavior is seen
in benzene, Figure 4-22, where the filaments are very sharply defined
at the focal position (second beam) but have practically disappeared by
3. 0 cm after the focus. The contrast between the probe light transmitted
in through filament and that transmitted through the background is not
significantly different from the focused beams and the collimated ones.
Consequently, the maximum index change is about the same for both cases.
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4. 4. 2h Propagation through a Glass Slide
The effect of a glass slide on the propagation characteristics was
investigated with the experimental arrangement of Figure 4-12 and the
modification shown in Figure 4-23a. A single microscope slide with a
thickness of 1 mm was placed between the second and third probing
12, 40
beams. Similar experiments have been used in the past to distin-
guish between the self trapping and moving focal point theory. A beam
which is trapped should diffract in the linear glass medium and so a
filament would stop at the glass slide in the self trapping model. On the
other hand, the glass slide should have no effect on the streak produced
by a succession of moving focal points.
A typical result of the present experiments is shown in Figure
4-23b. The filamentary streaks are clearly visible before the glass slide.
After the glass slide, the filamentary streaks, although present are
barely visible. The decrease in transmitted SH intensity is about one
order of magnitude.
These results indicate that a glass slide of 1 mm thickness has a
definite effect on the propagation of the filament in the self focused
region of a picosecond pulse. This fact indicates that the steady state
theory of moving focal points is not adequate to explain the nature of
these "filaments, " and provides evidence that some form of beam
confinement may exist. The existence of the filaments after the glass
slide does not contradict the results of previous experiments which
indicated that the filaments disappeared after the glass slide, since the
decrease in infrared intensity may have been sufficient to prevent detection
of the spontaneous scattering from the beam after the slide. There may
IV-60
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Figure 4-23. Propagation of filaments through a glass slide.
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be some refocusing of the beam occurring after the glass slide or the
filaments in beams 3-5 of Figure 4-23b may result from the central
position of the beam which would not dif f ract completely in the slide. A
study of the intensity and diameter of the filaments after the glass slide
as a function of glass thickness could provide information on the dif-
fraction properties of the filaments in a linear medium and possible re-
focusing action of the beam.
4. 4. 2j Appearance of Multiple Filaments and the Possibility of Beam
Diagnostics
In most of the birefringence data presented here, the number of
filaments in the beam varies between 2 and 10. In some cases a single
filament was obtained. Recently, the multiple filaments generated by
Q-switched laser pulses have been demonstrated to be correlated with
41instantaneous hot spots in the beam
To investigate this effect, the number of filaments produced in
CS? was studied for various beam qualities and diameters. The beam
was telescoped as shown in Figure 4-24. The aperture at the common
focus of the lenses was varied between about 0. 15jj and 4 mm. The
telescoped diameter of the beam in the absence of the apertures was
about 4 mm. The diameter of the spot at the focus of the 40 cm lens
was about 0. 8 mm, which is considerably larger than the diffraction
limited spot size of 60p. for the 4 mm telescoped beam.
The results of these experiments show that when a single aperture
is used after the telescope, the number of filaments is reduced signifi-
cantly, but even with a . 5 mm diameter aperture several filaments are
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observed. When the aperture inside the telescope is reduced below
about 1 mm, however, and the beam is subsequently apertured to about
2 mm diameter, single filaments could be observed. Single filaments
were consistently observed in CS when the diameter of the aperture
inside the telescope was about I B u a n d that of the aperture after the
telescope was about 1 mm. In materials with smaller Kerr constants,
however, single filaments could be observed with less stringent beam
processing. These observations are consistent with the Q-switched
results of reference 41. While the aperture inside the telescope does
not diffraction limit the beam, it does provide some amount of spatial
filtering. When coupled with an aperture after the telescope, it pro-
duces a beam of sufficient uniformity to produce a single filament.
This technique provides a method of detecting minor fluctuations in the
beam intensity in both space and time. It was shown in reference 41 that
a beam which has a smooth time and spatial profile when averaged over
the entire pulse can show considerable local structure, when measured
with sufficient temporal and spatial resolution. Since the self focusing
process accentuates small variations in the beam intensity, the pre-
sence of small local instantaneous hot spots can be detected. In
addition, the time dependence of these local hot spots can also be studied.
Figure 4-25 shows two birefringence traces from CS., in which multiple
filaments were observed. If the filaments all arose at the same portion
of the pulse, they would all start at the same spatial position. Figure
4-25 shows a random distribution of starting positions for the filaments,
indicating that there is considerable time variation of the local hot spots
in the beam.
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4. 4. 2j Effects of Multiple Pulses
A brief study was also made of the cumulative effects of the pulse
train in self focusing with the apparatus of Figure 4-6. The entire pulse
train was used in the infrared arm, and a single pulse was used in the
SH probing arm. The part of the pulse train from which the SH pulse
was selected was varied, and the relative timing between the infrared
and green pulses was also varied.
Figure 4-26 shows three birefringence traces taken from the
green pulse arriving 15 psec before (a) coincident with (b) and 15 psec
after (c) the infrared pulse. The filaments are present when the two
pulses are coincident. If the green beam is advanced by 15 psec, the
filaments disappear leaving some residual gross beam birefringence. A
movement in either direction of 100 psec in relative timing between the
pulses was needed to eliminate all of the birefringence. Consequently,
all of the birefringence decays well before the next infrared pulse and
cumulative effects are not expected. This is verified in Figure 4-27,
where birefringence traces are shown for SH pulses taken in various
parts of the pulse train. No substantial differences could be detected in
the focusing length or filament diameter as the position of the selected
pulse was varied.
The major results of these experiments will be interpreted in
terms of the theories of self focusing after the results of spatial
broadening experiments are discussed in the next chapter.
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a.
c,
Figure 4-26. Birefringence traces between 1 and 4. 5 cm into cell of CS~
showing effects of variation in timing between infrared
and SH beams.
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Figure 4-27. Photographs showing the effects on the birefringence of
variation of the position of the selected SH pulse in the
pulse train.
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CHAPTER V
SPECTRAL BROADENING
5. 1 Measurement of Filament Spectra
The spectral content of the light in the filaments was measured
at the end of a 6 cm cell containing various materials using the
experimental arrangement shown in Figure 5-1. The end of the cell
•was imaged on the slit of a Spex 3/4 m spectrograph with a 10 cm
focal length lens at a magnification of 10:1. The light which did not
self-focus was blocked by a 1 mm diameter stop which was placed at
the focus of the imaging lens. A Corning CS 7-56 filter was used to
block the visible light from entering the spectrograph. The spectra
were recorded on hypersensitized Kodak I-Z spectroscopic plates.
Typical spectra obtained for CS~, toluene, benzene and nitro-
benzene are shown in Figure 5-2. Figure 5-3a shows microdensito-
meter traces of the filaments in CS_ and toluene made directly from
L*
the plate, and Figure 5-3b shows the same traces often they have
been corrected for the spectral characteristics of the I-Z plates and
43the transmission characteristics of the 7-56 filter. The film and
filter characteristics are shown in Figure 5-4.
The spectra for all of the materials studied here show an inter-
ference pattern which is characteristic of a phase-modulated pulse
with the intensity and spacing of the interference maxima increasing
with distance from the center frequency of the laser . Certain
characteristics of the spectra are important in determining the
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materials a) CS2, b) Toluene, c) Benzene, d) Nitrobenzene
and e) Mercury arc spectrum.
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mechanisms -which are involved in the frequency broadening process.
The average spacing between the modulation peaks can be related to
the duration of the pulse which is contained in the high index region.
The maximum extent of the spectrum depends on the intensity of the
light in the filament and on the distance in the cell over which the
frequency broadening takes place. The degree of symmetry between
the Stokes and anti Stokes side of the spectrum with respect to the
relative number of peaks, the relative extent of the spectra and the
relative energy content can be used in some cases to determine the
ratio of the pulse duration to the relaxation time of the dielectric
nonlinearity. Combining this result with the pulse duration determined
by the number of peaks provides an indication of the proper mechanism
involved in the focusing process.
For the experimental spectra presented in Figures 5-2 and 5-3,
the average spacing between the modulation peaks is approximately
50 cm . This value is most accurately determined from the spectra
•which contain many interference maxima, such as those shown
for toluene and CS_ but it also applies fairly well to the spectra in
£
nitrobenzene and toluene.
The extent of the broadening varies over a large range from one
filament to the next for a given material, and from one material to
another. The largest broadening was consistently seen in CS_, with
spectra extending usually between 500 and 1000 cm" from the laser
frequency. The maximum broadening in toluene was less, with the
spectra generally extending between 300 and 500 cm . The extent
of the broadening in benzene and nitrobenzene was in the vicinity of
V-10
200-300 cm"1.
The degree of symmetry of the broadening on the Stokes and
anti Stokes side of the laser is quite high for all of the materials
studied. The number of peaks and extent of the spectra is approximately
the same on each side of the laser frequency for most filaments,
although occasional filaments show a small degree of asymmetry in
the extent of the broadening.
The relative amount of energy contained in the upshifted and
downshifted light is more difficult to determine because of the
complications introduced by the spectral characteristics of the plates
and the filter and by the unshifted background which resulted from
the unfocused laser light. However, from the corrected densitometer
traces of Figure 5-3b, the ratio of the energy contained in the Stokes
side to that contained in the anti Stokes side of the spectrum is
estimated to be between 1 and 2. The degree of symmetry exhibited
by these spectra is much greater than that shown by the filaments
generated with multimode Q-switched ' lasers. The present spectra
are more nearly in agreement with the results obtained with mode
4
locked ruby lasers , although quantitative differences exist between
the spectra generated with the two mode locked laser systems -which
will be discussed in section 2-
5. 2 Theory of Self Phase Modulation
Frequency broadened spectra such as those described in the
last section have been successfully described using the theory of self
4 5 2phase modulation ' as suggested by Shimizu . In this section the
V-ll
theory of self phase modulation as it has been developed in the
literature will be presented and the predictions will be compared with
the experimental spectra obtained with the Nd:glass laser.
In this theory, spectral broadening occurs as a result of a time
dependent phase introduced by the nonlinear index and the time
dependence of the laser, as shown in Figure 5-5. The pulse at the
entrance of the cell can be described as
j WT t
tf(t) = E(t) e (1)
and the pulse leaving the cell is described as
t - kz +
«?(t) = E(t) e (2)
where 6 p( t ) is the nonlinear contribution to the phase. In this
treatment, the simplifying assumption is made that there is no
distortion of the pulse envelope E(t) . Justification of this assumption
requires numerical solution of the propagation equation given in
Chapter IV. The spectral content of the light emerging from the end
of the cell is given by
E(t) e
The nonlinear contribution to the phase may be written in terms of the
nonlinear refractive index as
•L
6j( t ) ~ I 6 n ( z , t ) d z (4a)
where the spatial integral extends over the entire cell. If there is no
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distortion of the pulse envelope, so that the value of 5n seen by a given
part of the pulse is independent of distance, equation (4a) becomes
- -y L 8 n ( t ) . (4b)
Further calculation requires knowledge of the explicit time dependence
of the dielectric nonlinearity. A time dependent index which results
from a Kerr type nonlinearity, is described by a diffusion equation of
the type [see section 4. 2]
T2, 6K +
 TI 6A + 6n = n 2 E 2 ( t ) . (5)
The following three cases may be identified from equation (5). If
T, = T / 0 and T9 = 0. the equation describes an interaction with an
I ^
orientational Kerr mechanism with the result
e dt» (6a)
-co
where n7 is the orientational nonlinear coefficient.
L*
If T,, T? f 0, then the equation describes a librational response
with the result
T ( t - t « ) ( t - t < ) T
— ]sinh[ - ((_
6n(t) = - - — - - S - | E ( t ' ) | d t '
[feh2
(6b)
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,
where n_ is the coefficient of the librational nonlinearity. Finally,
if T, - T -y - 0; the interaction is that of an electronic Kerr nonlinearity
1 —
with the nonlinear index given by
6n(t) n e \ E ( t ) \ 2 (6c)
A
where n_ is the electronic coefficient. The phase modulated spectra
can then be calculated for any particular set of conditions using
equations (3), (4b) and one of the expressions given in equation (6).
Before numerical computations are presented, it will be helpful to
examine some of the limiting cases of these results, which will give
a qualitative picture of the broadening process.
The major contribution to the spectrum given in equation (3) occurs
•when the frequency shift is given by
(7)
which can be seen by evaluating the integral by the method of steepest
descent. In the case of an instantaneous nonlinearity, the phase is
given by
(8)
Consequently the instantaneous frequency shift as a function of time
through the pulse is given by
6u( t ) - n ( | E ( t ) | ) (9)
This situation is indicated shcematically in Figure 5-6 for a laser
V-15
a. 8555
TIME
b. -e-
TIME
c.
3
I
-0-
TIME
TIME
Figure 5-6. Schematic i l lustrat ion of the phase modulation process.
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intensity which is bell shaped (Figure 5-6a). The phase follows the
laser as shown (Figure 5-6b), and the instantaneous frequency given
by the time derivative of the intensity is shown in Figure 5-6c. There
is only one contribution to the spectrum at the largest frequency shift,
and the intensity here is a maximum. As the frequency shift approaches
zero, the spectrum becomes a double valued function of time. The
two equal values of frequency will interfere with each other
constructively or destructively depending on the relation phase.
Consequently, the spectrum -will consist of a series of maxima and
minima as the frequency shift decreases. As is indicated in Figure 6,
the downshifted part of the spectrum is determined mainly by the
leading edge of the laser pulse, and the upshifted part of the spectrum
is determined by the trailing edge. For the case of an instantaneous
response, it can be readily seen that the Stokes -anti -Stokes symmetry
of the spectrum is quite high.
The effects of relaxation on the spectrum can be seen
qualitatively by considering the response given in equation (6a). The
retarded integral will cause the phase to lag behind the laser intensity
as shown schematically in Figure 6d. In this case, the instantaneous
frequency will have the form shown in Figure 6e with the anti Stokes
side of the spectrum becoming suppressed relative to the Stokes side.
In the extreme transient limit when t « r , the phase depends only
on the total energy contained in the pulse and the frequency shift has
the form
n
V-17
In this case the frequency shift depends on the laser intensity, rather
than its derivative, and there is no upshifted light.
Equation (3) has been evaluated numerically for all three of the
responses given in equation (6) , assuming a gaussian laser intensity
distribution. The calculated spectra are shown in Figure 5-7a, b,
and c for orientational, librational and electronic responses respective-
ly. The duration of the laser pulse was adjusted in each case so that
the average modulation spacing on the Stokes side matched that of the
experimental results in Figures 5-2 and 3, In all three cases, this
required a pulse duration of 1 psec. The time constants were then
adjusted to correspond to values appropriate for the orientational and
librational responses of CS?. All three spectra, then should be
compared -with the spectra of Figures 5-2a, 5-2a i and 5-2b i. It can
be seen immediately that for this choice of parameters, only the
electronic response generates enough anti Stokes light to be comparable
to the experimental results. This result should be contrasted with the
interpretations given to the spectra obtained in CS_ with multi mode
2 3Q-switched lasers , in which a sufficient amount of spectral
asymmetry was observed so that the results agreed with the
predictions of an orientational response, and those obtained with a
4
mode locked ruby laser , in which a pulse duration of 2. 3 psec was
obtained which allowed an adequate interpretation in terms of a
librational response in CS_.
Other numerical calculations have been carried out which
investigate the effects of pulse shape on the spectral characteristics
and provide a more detailed study of the effects of relaxation and input
V-18
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laser asymmetry on the symmetry of the broadened spectrum.
Figure 5-8 shows the spectrum obtained from equations (3), (4a) and
(6a) for Gaussian, hyperbolic secant and triangular pulse shapes. In
all three cases, a short relaxation time was used to emphasize the
effects of the laser pulse shape. The pulse duration required to
match the experimentally observed modulation spacing was about
1 psec for all three cases indicating that the modulation spacing is
quite insensitive to pulse shape. Figure 5-8 shows that the asymmetry
of the spectrum is also independent of pulse shape to a large degree.
However, secondary characteristics of the spectra such as the ratio
of the peak intensity to modulation depth for successive interference
maxima depends on the shape of the laser pulse. With sufficiently
accurate measurements, these characteristics could be used to
determine the exact pulse shape.
The effects of pulse asymmetry are shown in Figure 5-9.
When the relaxation time is long compared to the pulse duration, the
spectral symmetry is relatively insensitive to asymmetries in the
laser pulse. However, when the relaxation time is small,
asymmetries in the pulse are reflected in the spectrum. When
the trailing edge of the pulse is steeper than the leading edge, the
anti Stokes side of the spectrum extends further than the Stokes side,
the modulation spacing is greater for the upshifted light and the
energy content of the anti Stokes side is less than that of the Stokes
side. It is possible to parameterize certain measurable quantities of
the filament spectra, such as the ratio of the number of modulation
V-20
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peaks in the anti Stokes to the Stokes part of the spectrum,
the ratio of the extent of the Stokes to the anti Stokes frequency
broadening u~(max)/CJ .^(max), and the ratio of the energy content
on the Stokes to anti Stokes side of the spectrum, u^/u.,.,, in terms
of the input pulse temporal asymmetry. The results of these
calculations for Gaussian pulse of the form
-t2/T2
E e t < 0 (lla)
E(t) _ t2 /T2
EQ e t » 0 (lib)
are plotted in Figure 5-10 as a function of the orientational relaxation
time, given in units of the pulse duration.
Using Figure 5-10, it is possible to deduce approximate values of
T_/T, and T /(T, + T_) for any experimental spectra -where the
orientational response of the dielectric is dominant. For example,
from the high degree of symmetry observed in the experimental
spectra of Figure 5-2, we can set the folio-wing limits
0. 9 $NAS/NS ^ 1- 0
0. 7 «Su
 c(max)/u (max) < 1. 3
o
(12a)
Therefore, from Figure 5-10 we conclude that
T /T <1. 3
£• I
0. 6
0. 08 <T / (T 1 + T ) <0. 12
The range of these limits is quite large. This is due to experimental
problems connected with the spectrographic plates. However, since
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the average modulation frequency requires a pulse duration of 1 psec
for the filament light, a relaxation time of less than 0. 1 psec is
required to predict the necessary spectral symmetry.
5. 3 Summary and Conclusions
In this section, the results of the propagation experiments of
Chapter IV and the spectral broadening experiments described earlier
in this chapter •will be summarized briefly. Their interpretation will
then be examined in terms of the transient theory of self-focusing
and the shortcomings of this theory -will be pointed out. Finally
some additional proposals will be suggested which account for the
inadequacies of the transient theories.
The birefringence experiments described in Chapter IV have
provided the following picture of the history of self-focusing of
picosecond pulses in CS~. A collimated beam enters the cell with a
diameter of 1mm or more and collapses into 1 or more filaments of
about 6fji diameter at a distance between 1 and 2 cm from the entrance
window of the cell. The filaments propagate with a constant diameter
for a distance between 12 and 15 cm from the entrance window, where
their diameter starts to increase. By the time the pulse reaches about 18
cm from the entrance window all small scale structures in the beam
have completely disappeared. At the same time, the filaments are
radiating energy continously as they propagate through the cell as is
indicated by photographs taken through the end window. If the beam is
externally focused into the cell, the filaments appear before the
geometrical focus of the lens, and have been observed in CS_ as early
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as 1/2 cm from the entrance window. They propagate several
centimeters beyond the geometrical focus before they disappear. The
distance over which they exist after the focus of the lens depends on
the degree of focusing used, and decreases as the beam is focused
more tightly.
Measurements of the magnitude of the refractive index change
using the amount of optically induced birefringence in the filament
indicate that the maximum increase in the refractive index is about
. 002, which is far less than the saturated value of . 5 which would be
expected in CS~ from complete molecular alignment. Measurements
£
of the decay of the birefringence in several materials indicate that the
nonlinear index relaxes exponentially with a time constant equivalent
to that of the orientational Kerr effect, providing evidence that this
effect is important in the self-focusing of picosecond pulses as -well
as nanosecond pulses. In addition, the effective duration of the pulse
in the filament was deduced to be about 1 psec from measurements of
the birefringence in CS_. This duration is considerably shorter than
the 5. 5 psec which was the duration of the pulse entering the cell as
obtained from TPF measurements.
Studies of the spectral content of the light in the filaments
emerging from a 6 cm cell containing various liquids have shown that
the spectrum is symmetrically broadened about the laser frequency
but exhibits an interference structure which can extend as far as 1000
cm from the laser frequency and is characteristic of the phase
modulation process. In interpreting the results of the propagation and
spectral broadening experiments, it is helpful to consider again the
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nature of the self-focusing equations of Chapter IV -which are
repeated here for convenience:
•^ af} \ UL X 3 ( | E | 2 ) E + V 2 E (13a)
c
-
 2 k L , , = o
(13b)
|E2 | (13c)
In the discussion of Chapters IV and V, the amplitude and phase
variation were considered separately to predict the effects of self-
focusing and phase modulation. Here, this approximation -will be
examined more closely, and the conditions under which this separation
is valid will be discussed.
In Chapter IV, the solution of these equations -was discussed
under the assumption
T « i
P
In this case, the spatial properties of the self-focusing effect are
determined by setting all time derivatives equal to zero and by using
the phase variations only to determine the curvature of the beam,
resulting in the theory of moving focal points as discussed earlier.
An estimate of the phase modulation occurring in this situation
was made by Lugovoi et al. . They predicted that if the nonlinear
index achieved a saturation value of 0. 1, the modulated spectrum
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should extend out to 700 cm . In this situation, the separation of
amplitude and phase is probably not valid. However, in the experiment
done here, as well as many of those done elsewhere, the maximum
value of the nonlinear index is far from saturation, and the broadening
is expected to be proportionately smaller. This prediction is
confirmed in experiments done with single mode Q-switched Ruby
lasers, and in this case, the separation of amplitude and phase is
probably reasonable. The small amount of spectral broadening in this
case results from the fact that the nonlinear phase can have significant
build up only over the restricted region of the individual focal points.
A second type of solution can be obtained if a plane wave is
assumed for the amplitude function. In this case
8r
and equation (1) describes pure phase modulation. The magnitude of
r now determines the symmetry of the broadened light. This
approximation, which was considered earlier in the chapter, is
usually used in calculating the spectral broadening due to a nonlinear
index and assumes the existence of a stabilized pulse which would
occur for example, in the self trapping model. In the steady state, a
function of this form is an unstable solution of the scalar Max-well
Equation and as such is not a physically acceptable result.
In a general situation, the self-focusing and phase modulation
processes occur simultaneously and must be considered together.
In the case of transient self-focusing equations (1) and (2) must be
solved numerically as was indicated in Chapter IV. The results of
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the birefringence experiments show that the orientational Kerr effect
is important in the self-focusing of picosecond pulses even when T is
five to ten times larger than the pulse duration. Consequently, all of
the results reported here are in the transient regime, and the transient
self-focusing theory should apply to them. The characteristics of this
model were outlined in Chapter IV. It should be emphasized here
again, this model results from the amplitude and phase solutions of
equations (1) and (2) in the transient time regime. As such, it agrees
qualitatively -with the predictions of the model of moving focal points
•when the steady state theory is modified to include the transient
Q
effect , as was indicated earlier. The predictions of this model will
now be compared -with the experimental data.
Many of the results of the propagation experiment are explained
very well with this theory. The observation that the filaments
propagate independently for many centimeters in the cell with constant
diameters and pulse duration is easily accounted for because of the
stabilized form of the pulse which evolves from the transient self-
focusing process (see Chapter IV). On the other hand, if the self-
focusing were due to an electronic Kerr effect, and the observed decay
of the birefringence due only to a secondary involvement of the
orientational Kerr effect, the same conditions would apply to the
self-focusing of picosecond pulses as exist in the self-focusing of Q-
switched pulses with the orientational Kerr effect. In this case, the
theory of moving focal points should be applicable and the birefringence
data should show two distinct focal regions develop and separate as
the pulse propagates through the cell. For an input pulse duration of
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5 psec (from the TPF measurements) the two focal regions should be
clearly resolved at a distance of about 8 cm from the entrance window.
Careful probing of the filaments in this region show that the filament
contains only one focal region and the length of the birefringence
streak is only slightly greater than the relaxation of the orientational
Kerr effect. This result provides further support of the transient
theory. The effective shortening of the duration of the pulse in the
filament is also compatible with the transient theory, since the focused
region is confined to a small region in the tail of the pulse.
The results obtained from experiments done with externally
focused beams are also readily explained with this theory. Since the
beam is intensifying as it enters the cell, the orienting effect of the
leading edge of the pulse is increased over that -which is present in
the collimated beam, and the minimum diameter first occurs at a
position closer to the entrance window than for the collimated beam
case. The partially confined beam can then propagate as a unit
through the geometrical focus of the lens. After the focus, the
preorienting effect of the leading edge of the pulse decreases as the
beam expands, and the confined portion of the pulse must do more of
its own orienting to remain trapped. Eventually, the confined portion
of the beam is not capable of producing enough of an increase in the
index to maintain its diameter and the filaments disappear. Because
the leading edge of the pulse is expanding, the distance at which the
filaments disappear is expected to be considerably shorter in the
externally focused case than in the collimated case, as is evident in
Figure 4-21.
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The description of spectral broadening with this model is again
properly described only by a complete numerical solution of the self-
focusing equations. However some useful information may be obtained
through the following considerations. Since the phase function is given
by an integral over the propagation distance, it -will depend strongly on
the history of the pulse as it passes through the cell. In particular,
if the frequency broadening is examined at positions in the cell which
are near the self-focusing distance the spectrum will reflect the
integrated history of the pulse through the cell up to that point. If
significant pulse distortion occurs as the beam focuses the observed
spectrum can retain the memory of the input pulse and may bear little
relation to the intensity which exists at that point. On the other hand,
if the frequency broadening is examined well beyond the point at
which the beam profile stabilizes, as is the usual situation for the
experiments, the spectrum will reflect the broadening which is
associated with the stabilized pulse.
In this case, the separation of the phase and amplitude effects
is appropriate, and the phase variations may be used to calculate the
spectral broadening, as is done in the self trapping model.
Many features of the experimental spectra are adequately
accounted for with this model, but the high degree of symmetry which
is observed is not yet fully explained.
The pulse duration is given by length of the pulse contained in
the filament, and the value of 1 psec deduced from the birefringence
measurements agrees very well with the duration required to match
the modulation spacing of the experimental spectra. In addition the
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extent of the spectra is readily understood because of the extended
interaction length of the high index region.
There are some details of this model, as it has presently been
developed, however, -which appear not to agree with the experimental
results. For example, the reduction of beam diameter is only about
a factor of 20, implying an effective initial diameter of only about
100 ^i. The formation of one filament, on the other hand has been
observed in a beam 1 mm in diameter. The larger reduction in beam
diameter associated with the experimental results may affect the
matching of the boundary conditions at the front and back of the pulse
and should be examined more closely. In addition, the beam was
found to stabilize when the input power is only 5 times the level
required for steady state trapping. Other calculations show that only
a small fraction of this power is actually channelled into the small
diameter region, so that the predicted beam intensities in this region
are for less than the observed levels.
Furthermore, there are some results of both the propagation
and spectral broadening experiments -which are not accounted for with
the model. The end camera pictures indicate that the filaments
radiate light continuously as they propagate through the cell. In
addition, both the side and end pictures indicate that the filaments can
disappear before reaching the end of the cell. Both of these results
are not predicted by the transient focusing theory -which describes the
formation of a confined pulse. On the other hand they may be the
result of diffraction of the leading edge of the filament, or they may be
caused by losses through stimulated scattering process or nonlinear
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absorption.
In explaining the phase modulation, the symmetry of the observed
spectra can be described in this theory only if an electronic non-
linearity is assumed to be the dominant cause of the frequency broaden-
ing. This prediction does not agree with the results of the bire-
fringence measurements. However, it appears possible to account
for the symmetry of the spectra if more than one nonlinearity is
involved, or if the pulse becomes amplitude modulated so that four
photon scattering can occur. To investigate possible competition
between the orientational and electronic Kerr effects, the value of the
ratio
E(t) | 2
which is required to produce the same value of 8n for each of the
process is shown in Figure 5-11. The optical pulse shown at the bottom
was assumed to have a duration of 1 psec, and the time constant r was
e o
chosen to be appropriate for CS^. For values of n_ .05 ru which is a
A
reasonable upper limit for n_ in CS_, the orientational Kerr effect
dominates well before the peak of the pulse. Thus, even for the
shorter pulse contained in the filament, it is expected that the
orientational Kerr effect will dominate the phase modulation process,
at least in the front part of the cell.
It appears possible, however, that some degree of symmetry
may be introduced into the spectrum by a combination of linear
dispersion and parametric four photon scattering which arises through
V-34
Figure 5-11. Comparison of magnitudes of
n_ and n_ required to produce
identical values of 6n.
2<tV(t-tl)/rdt'
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amplitude modulation of the pulse and which couples laser light and
downshifted Stokes light to the upshifted light. Four photon scattering
has been reported by other authors in liquids and solids with Q-
switched and mode locked pulses ' . Evidence of the presence of
this effect was obtained here in benzene nitrobenzene and toluene by
observing the near field pattern of the beam emerging from a cell
containing these materials and by examining the spectra of the light
at the end of the cell. Figure 5-12a shows the near field of a beam at
the end of a 6 cm cell containing nitrobenzene. In addition to the
filamentary spots, rings are present in the beam profile. Figures
5-12b - 12e show the same near field taken through a succession of
filters whose transmission are given in Figures 5-13b - 13e. Figure
5-12b indicates that light in the vicinity of the laser is confined to the
forward direction -while Figures 5-12c-e indicate that light shifted
by between 1000 and 3000 cm is contained in the rings and also in
the forward direction. Figure 5-14 shows the spectra of the rings
taken for nitrobenzene (a), toluene (b) and benzene (c). The spectra
cover a broad band upshifted from the laser between 1800 and 3000 cm .
No Stokes shifted light was observed, but this is most likely due to the
insensitivity of the photographic film in this spectral region.
Occasional parabolic structure is seen in the spectra (Figure 5-14a)
which is characteristic of the four photon process. An accurate
determination of all of the properties of the four photon scattering
requires analysis of the spectral content of the far field patterns of
the beam. Such a measurement was attempted, but no results were
obtained, probably due to insufficient energy in the rings.
V-36
SCALE:
1mm
Figure 5-12. Near field pattern of a self-focused beam at the end of a
6 cm cell of nitrobenzene using the various filters whose
characteristics are given in Fig. 5-13.
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Figure 5-14. Spectra of rings in near field patterns of a) nitrobenzene,
b) toluene and c) benzene.
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Linear dispersion introduces a phase mismatch in the forward
direction bet-ween the laser and the waves at the shifted frequency,
+_ A cu allowing the shifted waves to experience exponential gain. This
effect was estimated for a Ruby laser by Gustafson et al. in reference 5.
There it was shown that for low intensities, the forward gain was
peaked at Ao> = I/T and did not extend much beyond this in frequency.
However, at intensities of about 88 GW/cm in the filament the
maximum forward gain was about 5 cm and the gain curve was fairly
flat out to A cu = 2 00/T . Since for CS~, T = 2. 3 psec, this means
that frequency shifts out to about 500 cm can receive gain from this
process. Using approximate formulas given in reference 8, it is
estimated that a significant amount of anti-Stokes light can be
generated with the process in a few millimeters. The finite
distribution of k vectors in the filament may also cause the actual
gain to be larger than the values given above which were estimated
for a purely plane wave situation. The intensity dependence of the
frequency width of the gain curve may have some bearing in the
asymmetric spectra observed with multi-mode Q-switched lasers,
since in these cases, the intensity may not be great enough to generate
significant amount of upshifted light.
When the spectrum broadens far enough, the orientational Kerr
effect cannot couple the Stokes shifted wave to the laser. In this case,
however, the electronic effect should become competitive with the
orientational Kerr effect and may provide additional coupling to the
upshifted part of the spectrum. Off axis phase matching of the four
photon scattering may also account for the light which is radiated from
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the filaments as they propagate through the cell.
In the extreme transient limit, linear dispersion also can lead
to some degree of pulse distortion as shown in Figure 5-15. The
pulse at the start of the filament is assumed to have a triangular shape
(Figure 5-l5a) which is qualitatively predicted by the transient self-
focusing theory as was discussed in Chapter IV. In this case the
phase modulation process will produce only downshifted light which is
distributed through the pulse as shown in Figure 5-l5b [see equation
(10)]. However, when the spectrum broadens sufficiently, linear
dispersion will cause the center of the pulse to move faster than the
front, causing an distortion of the pulse envelope. When the pulse has
traveled a distance given by
ct
2
 ^ W^
TT-*<*3u
the center of the pulse will overlap the front (Figure 5-15 c). At this
point, the increased intensity coupled with the resulting amplitude
Q
modulation can give rise to parametric four photon scattering through
either an orientational or electronic Kerr effect generating an up-
shifted of the spectrum. In addition off axis phase matching may
cause a significant amount of light to be scattered out of the filament,
depleting its intensity to the point when it can no longer maintain
itself. For a maximum frequency shift of 500 cm in CS_ this
distance is estimated to be about 12 cm, which is the correct order of
magnitude to account for the observed disappearance of the filament.
The four photon scattering requires the simultaneous presence
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Figure 5-15. Pulse distortion caused by linear dispersion.
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of the mixing frequencies in the beam. Consequently it results from
5 9
an amplitude modulation rather than a phase modulation of the pulse ' .
The details of formation of this amplitude modulation have not yet
been -worked out, but some indications of the processes involved can
be obtained by performing the following experiments. .If the spectral
broadening is measured immediately after the focus is formed, and
as a function of cell length, the degree of symmetry contained in the
s
spectrum in the early stages of the filament can be determined. The
dependence of the spectral -width and intensity on propagation distance
can also be determined . In addition, if two beams are overlapped
j
in the cell -with a frequency difference which can be varied over
several hundred times T , the validity of predictions of reference 5
can be examined, and the degree of Stokes-anti-Stokes symmetry
generated by the parametric four photon process can be determined
directly.
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The high intensitiea (>10 w/cm ) and abort durations (<10~1Zaec) available in mode
locked laser pulses have made possible the study of optical interactions with matter in en-
tirely new regimes of intensity and time. Because of the large electric fields present in
these pulses, third order susceptibilities can determine the dominant optical response of
a medium. I(i addition, the extremely short durations of these pulses causes many non-
linear optical interactions to become transient, since the pulse is over before the medium
can fully respond.
In this report, a study of two third order processes, Stimulated Raman Scattering and
self-focusing, with picosecond pulses is reported. In the case of transient Stimulated
Scattering, th« gain is reduced from the steady state value, and qualitatively new features,
such as shortening and delay of the Stokes pulse relative to the laser pulse, appear. Here,
these predictions are extended to the case of realistic laser pulses, and experiments are
reported which confirm all of the theoretical predictions,
The self-focusing and frequency broadening of picosecond pulses if studied in the
absence of Stimulated Raman Scattering in several materials with large orientational Kerr •
constants. A crossed beam measuring technique with subpicoaecond resolution is used to
determine the relaxation time of the appropriate dielectric nonlinearity. The results of those
measurement" indicate that the orientational Kerr effect is important in the self-focusing of p
picosecond pulses. With relaxation times between 2 and 100 psec, this effect is transient on
the time ecaltf of the picosecond laser pulse. A time of flight technique is used to study the
propagation properties of a self-focused beam. The self-focused filaments are. observed to
propagate with constant diameters over a distance greater than 10 cm, but disappear before
the end of a 20 cm cell. Simultaneous end-on photographs indicate that the filaments radiate
light continuously along their path. The spectrum of the light in the filament shows that the
frequency content extends symmetrically for several hundred wave numbers on either side of
the laser frequency.
These results »re compared with recently developed transient theories of the self-focusing
process which result from numerical Integration of the self-focusing equations for both phase
and amplitude. Many of the propagation and spectral properties of the self-focused pulse* are
successfully accounted for by the transient theory which predicts a region of stabilized duration
and diameter In the tall of the pulse which Is constant in form over many centimeters In the
cell. Finally, the symmetry of experimental spectra is not fully accounted for in the transient
theory, and additional explanations of this effect are proposed.
The design and construction of a diffraction limited Nd: glass mode locked laser system
with reproducible output pulses containing peak intensities of about 10 GW/cm^ I* also
described.
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